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ABSTRACT 
ANALYSES AND LIMITED EVALUATIONS OF 
PAYLOAD AND LANDING SYSTEV STRUCTURES 
FOR INTERlEDIATE TYPE PLANETARY LANDERS 
T h i s  r epor t  p resents  a desc r ip t ion  of s t r u c t u r a l  design and six degrees 
of freedom loads  and motions computer programs developed f o r  i nves t iga t ion  
of p l ane ta ry  landers  i n  t h e  intermediate  landing load f a c t o r  range (50  t o  
300 e a r t h  g units). Limited evaluat ions of t h e  landing c h a r a c t e r i s t i c s  of  
crushable to rus  and i n f l a t a b l e  t o r u s  lander  concepts were conducted employ- 
i n g  t h e  computer programs, Both t h e  crushable t o r u s  and the  i n f l a t a b l e  
t o r u s  s t r u c t u r a l  design programs have been shown t o  be capable of satis- 
f ac to r i l -y  e s t ab l i sh ing  configurat ions f o r  spec i f i ed  c r i t e r i a .  U t i l i z i n g  
base l ine  conf igura t ions  es tab l i shed  with t h e  s t r u c t u r a l  design programs, t he  
c a p a b i l i t y  of t h e  landing loads and motions programs t o  p red ic t  six degrees 
of freedom motioiis was demonstrated. 
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1. SUMMARY 
T h i s  report  p re sen t s  a desc r ip t ion  of  computer programs developed by 
b{c~orineIl Unuglas Astronaut ics  Company - Eastern Division under NASA con t r ac t  
DIAS-1-8137-1(U) for i n v e s t i g a t i o n  of p lane tary  landers  i n  t h e  intermediate  
landing load f a c t o r  range (50 t o  300 e a r t h  g ' s ) ,  Crushable t o r u s  and i n f l a t -  
able t o r u s  l ande r  concepts were judged most capable of meeting design con- 
straicts Tor t h i s  landing load f a c t o r  range. Landing loads and motions and 
the e f f i c i e n t  s t r u c t u r a l  design of t h e s e  concepts may be determined by t h e s e  
progr ains : 
0 The Crushable Torus S t ruc tu ra l  Design Program can be used t o  
determine a t t enua to r  dimensions required t o  s a t i s f y  a given set  of 
landing condi t ions,  accommodating e i t h e r  sphe r i ca l  o r  t o r o i d a l  
shaped landers .  T h i s  program, presented i n  Appendix A, may also be 
used t o  determine ve loc i ty  c a p a b i l i t y  and load  f a c t o r  for  any 
u n i d i r e c t i o n a l  landing a t t i t u d e  between f la t  and end landing. 
The Crushable Torus Landing Loads and Motions Program, presented i n  
Appendix B, al.lows evaluat ion of landing loads  and s i x  degrees of 
freedom motions of t h e  crushable t o r u s  o r  crushable sphere. 
The I n f l a t a b l e  Torus S t r u c t u r a l  Design Program, presented i n  
Appendix C ,  can be used t o  determine i n f l a t a b l e  t o r u s  dimensions, 
i n t e r n a l  pressures ,  and thicknesses  based on input  payload., ve loc i ty ,  
and load  f a c t o r  requirements. Velocity c a p a b i l i t y  and load f a c t o r  
f o r  any des i r ed  u n i d i r e c t i o n a l  landing a t t i t u d e  may a l s o  be determined. 
0 The 1nflatabl .e  Torus Landing Loads and Motions Program, presented i n  
Appendix D, allows eva lua t ion  of landlng loads,  and s ix  degrees of 
freedoin motions of t h e  i n f l a t a b l e  t o r u s .  
An i n f l a t a b l e  t o r u s  conf igura t ion  and a crushable t o r u s  conf igura t ion  
meeting t h e  spec i f i ed  p l ane ta ry  landing  system cons t r a in t s  f o r  t h e  i n t e r -  
mediate range of landing load. f a c t o r s  were e s t ab l i shed  by exerc is ing  t h e  
computer programs. Analyses and evaluat ions of  t h e s e  base l ine  conf igura t ions  
a r e  presented i n  t h i s  repor t .  
I n f l a t a b l e  systenis allow considerably more f l e x i b i l i t y  than  crushable  
systems i n  achieving des i red  load f a c t o r  i n  t h e  intermediate  landing category. 
The lowest landing system weights f o r  t h e  s p e c i f i c  intermediate  lander  load  
f a c t o r  range of 50 t o  300 g ' s  \:em achieved with an I n f l a t a b l e  t o r u s  employing 
a r e l a t i v e l y  f la t  payload. For t h e  crushable systems inves t iga t ed  t h e  lowest 
l oad  f a c t o r s  were achieved with a sphe r i ca l  lander ,  while t h e  lowest landing 
system weights were achieved with a crushable to rus  employing a r e l a t i v e l y  
f 1 at pay1 oad . 
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Landing systems considered for unmanned p lane ta ry  landers  have been 
genera l ly  categorized by landing  load f a c t o r  range. Landing load  f a c t o r s  
g r e a t e r  t han  300 e a r t h  g ' s  a r e  considered hard landers ,  and usua l ly  employ 
var ious forms of parachute dece le ra to r s  t o  achieve des i red  te rmina l  ve loc i ty .  
Soft  3.anding of payloads r equ i r e s  t h e  use of r e t r o  rockets  t o  reduce approach 
ve loc i ty  t o  y i e l d  landing load  f a c t o r s  less than  50 e a r t h  g ' s .  
A plane tary  iiiission with ob jec t ives  based on a landing i n  t h e  intermedi- 
a t e  l ande r  load  f a c t o r  range ( $ 0  t o  300 ear th g ' s )  w i l l  r equ i r e  the de l ive ry  
vehic le  t o  be  brought t o  some s m a l l  v e loc i ty  a t  a spec i f i ed  a l t i t u d e  above 
t h e  p l ane t  sur face  at which time t h e  payload and landing system w i l l  be 
e j ec t ed  t o  f a l l  f r e e l y  t o  t h e  p lane t  s w f a c e .  Landed payload f o r  such a 
landing would contain instrumentat ion less  fragile than  for a sof't landing, 
but t h e  payload instrumentat ion wou1.d not have t o  be hardened t o  t h e  poin t  
where weight i s  sac r i f i ced .  The prime requirement i s  t h a t  t h e  instrumenta- 
t i o n  be capable of surv iv ing  t h e  load l e v e l s  assoc ia ted  with an intermediate  
type  landing. 
Landing systems appropr ia te  t o  t h e  intermediate  landing  category include 
var ious conf igura t ions  of pneumatic systems (gas bags) and crushable  systems. 
Since t h e  te rmina l  descent mode may r e s u l t  i n  both ho r i zon ta l  and v e r t i c a l  
v e l o c i t i e s  at touchdown, it i s  important t h a t  each landing system have omni- 
d i r e c t i o n a l  impact c a p a b i l i t i e s .  Moreover, minimum landing system weights 
and stowage volumes a r e  also important f a c t o r s  t o  be considered, 
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This  r epor t  p re sen t s  t h e  r e s u l t s  of p l ane ta ry  lander  s tud ie s  performed 
by McDonnell Douglas Astronaut ics  Company - Eastern  Division under Task  
Order One of Master Agreement Contract NAS-1-8137-1(U) i s sued  by NASA 
(Langley Research Center).  
exerc is ing  computer programs developed under t h i s  con t r ac t  f o r  t h e  i n t e r -  
mediate r a g e  of  landing  load f ac to r s .  These programs, which p red ic t  landing 
loads and motions and t h e  e f f i c i e n t  s t r u c t u r a l  design of payload and landing 
The lander  conf igura t ions  were determined by 
impact system s t r u c t u r e s ,  a r e  presented i n  appendices t o  t h i s  r epor t  along 
with i n s t r u c t i o n s  fcr t h e i r  use. 
Goals of t h e  study were t o  evaluate  candidate  intermediate  category 
p lane tary  l ande r  concepts, t o  s tudy i n  depth t h e  most promising crushable  
concept and i n f l a t a b l e  concept, and t o  develop computer programs e s s e n t i a l  
f o r  design of t h e s e  landers .  Subsequent t o  s e l e c t i o n  of a crushable t o r u s  
and an i n f l a t a b l e  t o r u s  as t h e  most promising concepts, t h e  development of 
s t r u c t u r a l  design and s i x  degrees of freedom motions computer programs for  
each concept became t h e  major ob jec t ive  of t h e  study. 
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3. STRUCTURAL DESIGN CRITERIA 
-p l-...
The fol.lc~wing f a c t o r s  were considered i n  landing  system and payload 
s t r u c t u r e  design: s impl ic i ty ,  r e l i a b i l i t y ,  s towabi l i ty ,  s t r u c t u r a l  compati- 
b i l i t y ,  environmental. compatlbi.lity, weight, and s t e r i l i z a b i l i t y .  Methods 
were provided for accomplishing post-landing payload exposure t o  permit 
opera t ion  of science experiments such as imagery; measurements of wind 
ve loc i ty  and d i r ec t ion ,  ambient pressure,  temperature,  and humidity; de t e r -  
mination of s o i l  composition; and operat ion of systems such as power, 
communication, and tnermal cont ro l .  
3.1 INTERMEDIATE LANDER DESIGN CONSTRnIWS - The following spec i f i ed  
design c o n s t r a i n t s  were used i n  ana lys i s  of lander  concepts but do not 
necessa r i ly  represent  computer program cons t r a in t s :  
(1) The landing system has t h e  c a p a b i l i t y  t o  successfu l ly  land  on 
sur faces  with s lopes of f34 degrees maximum r e l a t i v e  t o  l o c a l  
ho r i zon ta l ,  containing p a r t i c l e s  varying i n  s i z e  from sand t o  
5 inch  diameter rocks. 
Post landing o r i e n t a t i o n  i s  provided for  p o s i t i v e  v e r t i c a l  axis 
alignment of t h e  payload within 240 degrees of t h e  l o c a l  g rav i ty  
vector. 
(2) 
( 3 )  Mater ia l s  considered f o r  use i n  t h e  s t r u c t u r e  a r e  compatible with 
space environment and a maximum temperature range from -lOO°F t o  
+275OF. 
The atmospheric pressure  a t  t h e  su r face  was assumed t o  be 5 mb. 
The landing  sur face  was assumed not t o  deform o r  absorb energy 
during impact 
(4) 
( 5 )  
The sur face  c o e f f i c i e n t  of f r i c t i o n  was considered wi th in  the  
range of zero t o  0.3. 
Surface g r a v i t a t i o n a l  acce le ra t ion  was assumed t o  be  12.3 rt;/sec2. 
Mass of t h e  landed vehic le  vas 26 slugs,  or  l e s s .  
The landed vehic le  (payload, payload s t ruc tu re ,  and landing impact 
system) i s  coinpatibie with a nine (9) foot base diameter, 120 
degree blunted cone. 
The landing  payload can be enclosed i n  a sur face  of revoLution 
and has a s i z e  compatible with a maximum payload dens i ty  of 60 
lb / f t3  and Item (9) c i t e d  above. 
Touchdown was assumed t o  occur wi th in  a f l ight  path angle  from 0 
degrees t o  30 degrees r e l a t i v e  t o  t h e  g rav i ty  vec tor  and with a 
f l i g h t  pa th  ve loc l ty  of  85 fps.  It was assumed t h a t  t h i s  range 
o f  ho r i zon ta l  v e l o c i t i e s  covers t h e  e f f e c t s  of s i d e  d r i f t  due t o  
winds. 
The landing vehic le  i s  u n r e s t r i c t e d  i n  d i r e c t i o n a l  or ien ta t ion  
about t h e  p i t ch ,  r o l l ,  o r  yaw axes. 
Payload dece lera t ions  equivalent  t o  50, 150, and 300 g ' s  ( E a r t h  
u n i t  s ) we r e  i n v  e s t  i gat e d e 
3.2 FACTORS OF SAFETY - The fol lowing f a c t o r s  were appl ied  t o  t h e  
maximum loads  (limit loads)  encountered i n  p lane tary  landing wi th in  t h e  
c o n s t r a i n t s  s p e c i f i e d  i n  Sect ion 3.1: 
Crushable Material 1.00 ' 
I n f l a t  ab l e  Burst  Pres  sure Factor  2.50 
Inflatable Bag Mzterial Seam Factor 1.18 
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The load obtained by mult iplying l i m i t  l oad  by t h e  8,ppropriate f a c t o r  of 
s a f e t y  i s  t h e  u l t ima te  load used i n  s i z i n g  t h e  s t ruc tu re .  
Addition81 s t roke  was provided t o  absorb a 25 percent increase  i n  t h e  
design k i n e t i c  energy of t h e  crushable and i n f l a t a b l e  t o r u s  designs.  Rocks 
were allowed t o  v i o l a t e  payload i n s u l a t i o n  as I.ong as they  d id  not bottom 
out  on t h e  payload i t s e l f ,  s ince  t h e  i n s u l a t i o n  can be deformed with very 
l i t t l e  force  and thermal p ro tec t ion  should not be se r ious ly  Impaired. 
3.3 COORDINATE SYSTEM - The general  coordinate  system used i n  both 
t h e  crushable  and inf la table  loads and motions programs i s  defined i n  
Figure 3.3-1. A d e t a i l e d  desc r ip t ion  of t h e  system may be found i n  
Sect ion B.2.1 (Appendix B ) .  
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COORDINATE SYSTEMS 
Lander  coord ina te  System 
-I- x 
\ L o c a l  Surface Coord inate System 
/ 
G r a v i t y  Coord inate 
(East)  ' 
(Zf  Al igned W i t h  
P l a n e t ' s  Grav i ty  
Vector.) 
Figure 3.3-1 
4. CONCEPT SELECTION 
The crushable  and i n f l a t a b l e  concepts judged capable of  meeting t h e  
in te rmedia te  category p lane tary  lander  design c o n s t r a i n t s  a r e  discussed i n  
t h i s  s ec t ion .  
4.1 CRUSHABLF: CONCEPTS STUJ)IED - Screening of concepts r e s u l t e d  i n  
t h e  e l imina t ion  of many because of complexity o r  weight. Examples a r e  
s p h e r i c a l  and t o r o i d a l  landers  employing mechanical e r ec t ion  techniques.  
The t h r e e  concepts discussed i n  t h e  following paragraphs were judged capab1.e 
of meeting t h e  c o n s t r a i n t s  def ined i n  Reference 1. 
to rus ,  and duo-hemisphere. The t o r u s  was s e l e c t e d  f o r  d e t a i l e d  ana lys i s .  
They are t h e  sphere, 
1 c . l . l  Sphere. - This  concept, shown i n  Figure 4.1-1, consists of a 
sphe r i ca l  payload package surrounded by a crushable  energy absorpt ion 
ma te r i a l  such as balsa wood o r  honeycomb. Erec t ion  and l e v e l i n g  is accom- 
p l i shed  by t h r e e  f a b r i c  l e g s  wrapped around t h e  e x t e r i o r  sur face  of t h e  
lander  during impact. Af te r  landing, t h e  l e g s  a r e  i n f l a t e d  causing t h e  
lander  t o  be e rec t ed  as i l l u s t r a t e d  i n  Figure 4.1-1. 
p l i shed  by ind iv idua l ly  ad jus t ing  each l e g  with motor dr iven cable  assemblies. 
A continuous, e x t e r n a l  cover i s  provided allowing t h i s  landing system t o  be 
Leveling i s  accom- 
designed for use over a wide range i n  landing  v e l o c i t i e s .  Separat ion of t h i s  
cover is requi red  t o  permit removal of t o p  hemisphere f o r  exposing experi-  
ments. A simple "hinge p i n "  separa t ion  device i s  provided f o r  t h i s  purpose. 
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CRUSHABLE SPHERE 
1. Lander  Comes to 
Rest  On I t s  Top 2. F i r s t  (Longer) 
(Worst Case)  L e g  Begins To 
I n f l a te  Ro l l i ng  
B a l l  Over 
3. Other L e g s  In f l a te  
LANBER ERECTING AND LEVELING SEQUENCE 
Extended Science Mast  
A t tenuat ion  Mater ia l  
In f la tab le  Leg  
Rest ru in ing  Cab le  
Used For L e v e l i n g  
H inge P i n  
Seporat ion 
Dev ice  
Cover  
(TYP) 
LANDER PQST-IMPACT CONFIGURATION 
Figure 4.1-1 
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11.1.2 Torus. - This  concept, shown i n  Figure 4.1-2, c o n s i s t s  of a f la t ,  
cy1 incir ical  payload package surrounded a t  t h e  edges by a t o r o i d a l  shaped 
energy absoi-pt,ion ma te r i a l  such as balsa wood or  honeycomb. 
shape, t h e  lander  w i l l  come t o  r e s t  on e i t h e r  of t h e  f l a t  s ides .  This  
n e c e s s i t a t e s  e i t h e r  redundant experiments, f l i p -ove r  of t h e  e n t i r e  lander ,  o r  
Gimballing of t h e  deployable experiments. The l a t t e r  approach i s  i l l u s t r a t e d  
i n  Figure 1+,1.-2. 
por t ion  of  payload i s  not covered with a t tenuant .  A continuous ex te rna l  
covcr provides p ro tec t ion  f o r  t h e  a t tenuant .  
Because of i t s  
Deployment of  experiments i s  s impl i f i ed  because t h e  cen te r  
4.1.3 Duo-hemisphere Lander. - This concept, shown i n  Figure 1c.l-3, con- 
s is ts  of a cy l indr ica l  payload package pro tec ted  by hemispherical ly  shaped 
sec t ions  of energy absorpt ion material loca ted  at each end. Because of i t s  
shape and o f f s e t  cen te r  of grav i ty ,  t h e  lander  should come t o  r e s t  on its 
s ide .  Erec t ion  i s  accomplished by two fab r i c  l e g s  wrapped around the ex- 
t e r i o r  sur face  of payload. A f t e r  landing,  t h e  l e g s  a r e  i n f l a t e d  causing t h e  
e n t i r e  lander  t o  r o l l  t o  an upr ight  pos i t i on  for deployment of experiments. 
Spring ac tua ted  l e g s  are deployed t o  s t a b i l i z e  t h e  lander .  
4.1.4 Evaluation. - Each concept was q u a l i t a t i v e l y  evaluated based on -
previous s tudy r e s u l t s  of  similar configurat ions.  Comments regarding advan- 
t ages  arid disadvantages of each conf igura t ion  a r e  presented  i n  Figure 4.1-4. 
4.1.5 Concept Se lec t ion ,  - Comparison of t h e  t h r e e  crushable  concepts 
PI-
shows t h a t  each has ind iv idua l  c h a r a c t e r i s t i c s  t h a t  may be des i r ab le  f o r  a 
s p e c i f i c  payload and miss-lon. The primary a t t r i b u t e s  of  t h e  sphere are;  
11 
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ADVANTAGES AND DISADVANTAGES OF CRUSHABLE LANDING SYSTEMS 
CRUSHABLE SPHERE 
1. Confidence in  ottenuotion 
system because i t  i s  free 
o f  meclion i srn s .  
2. Completely pass ive londing 
3 .  Proven landing system 
4.  Simple erection and level- 
5. Good v i s ib i l i t y  for surfoce 
6. Stows well  i n  oeroshell .  
7 .  Easy separation from aera- 
system. 
f ea sibi l i t  y. 
ing system, 
experiments 
shel l .  
1 Minamized Ionding system 
weight r r s u l t s  in high land- 
ing load factors. 
2. Erection and level ing system 
susceptible to puncture. 
3. Miss ion success dependen! 
on removing top liemis- 
phere of ottenuant. 
4 .  Di f f i cu l t  equipment insto l la-  
t ion i n  spherical payload. 
5. D i f f i c u l l  to deploy soil 
sompling experiments. 
CRUSHABLE TOR US 
1. Confidence in attenuation 
system because i t  i s  free 
of mechanisms. 
2. Completely pass ive landing 
system. 
3. Paylood shope offers ef f i -  
cient pockoging of  equipment. 
4 .  Attenuant provides some pro- 
tect ion from erosion by wind 
b lown part icles. 
5. Easy to  deploy so i l  som- 
p l i ng  experiments. 
6. Payload shape can be 
chonged to accommodate 
part icular experiments. 
7. Stows well  i n  aeroshell .  
8. Easy seporotion from aero- 
she1 I. 
1. B is tob le concept requires: 
a) Dual Instrumentation, or, 
b) Gimballed payload or, 
c) Mechanism for turning 
lander aver. 
2. Minimized landing system 
weight results i n  high 
load factors. 
3. Attenuant susceptible to 
crushing from inside by 
payload. 
DUO-HEMISPHERE 
1 .  Completely passive landing 
2. Moderate landing load factors. 
3. Paylood dimensions con be 
changed to accommodate 
part icu lor experiment s.  
system. 
4 .  Easy to deploy experiments. 
5. Attenuant provides some 
protection from erosion by 
wind blown part icles. 
1. Concept may be l imi ted to 
2. Attenuant susceptible to 
moderate or low ve loc i t ies.  
crushing from ins ide by 
pay load. 
3. D i f f i cu l t  t o  stow in  aeroshell. 
4. Erection system susceptible t (  
puncture 
Figure  4.1-4 
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high confidence l e v e l  with t h i s  proven system, good s towab i l i t y  i n  t h e  aero- 
s h e l l ,  and good v i s i b i l i t y  f o r  su r face  experiments. A t o r u s  i s  p re fe r r ed  i f  
t h e  paramount c h a r a c t e r i s t i c s  a r e  e f f i c i en t .  packaging of equipment, f l e x i b i l -  
i t y  i n  packaging var ious experiments, and easy experiment deployment. The 
duo-hemisphere appears t o  o f f e r  somewhat lower landing load  f a c t o r s  f o r  
equivalenl; l anding  sys tem weight. Se lec t ion  of t h e  crushable  t o r u s  concept 
as t h e  la,nding system to be s tud ied  w i l l  a l l o w  i nves t iga t ion  of both spheres 
and t o r i i  by appropr ia te  dimensional va r i a t ion .  This w i l l  allow the  broadest 
possible range of study of candidate  crushable  conf igura t ions  for  vehic les  
i n  t h e  intermediate  landing category. Therefore,  w e  have chosen t h e  crush- 
able  t0 ru . s  as t h e  a n a l y t i c a l  model. 
11.2 INFLATABLE COIVCEPTS ST'UDIED - The four  i n f l a t a b l e  concepts discussed 
i n  t h e  following paragraphs idere judged capable of meeting t h e  c o n s t r a i n t s  
def ined i n  Reference (1). 
and mul t ip le  t o rus .  The s i n g l e  t o r u s  w8.s s e l ec t ed  f o r  d e t a i l e d  ana lys i s ,  
They are t h e  sphere,  s i n g l e  t o r u s ,  t r i p l e  t o rus ,  
4.2.1 Sphere. - - This  concept, shown i n  Figure 4.2-1, c o n s i s t s  of a 
cyl . indrica1 payload suspended wi th in  an i n f l a t e d  sphe r i ca l  impact bag by 
numerous r a d i a l  cords. An elastomer coats  t h e  f a b r i c  impact bag and provides 
both gas containment and scu f f  r e s i s t ance .  
causing t h e  lander  to come t o  rest with t h e  payload i n  an upr ight  pos i t ion .  
Af t e r  t h e  lander  comes t o  res t ,  t h e  impact bag i s  d e f l a t e d  and separa ted  i n t o  
The payload i s  loca t ed  off center ,  
' 
two halves  allowing t h e  exposed payload t o  r e s t  upr ight  on t h e  landing surface.  
INFLATABLE SPHERE 
Def I at ed 
Post Land ing  - /---Payload 
A 
7 In f la ted  UHF Antennas 
A 
A- A 
Figure 4.2-1 
4.2.2 Single  Torus. - This  concept, shown I n  Figure 4.2-2, cons i s t s  of 
a cy l indr ica l -  payload mounted i n  t h e  cen te r  of an i n f l a t e d  t o r u s  impact bag. 
An elastomer coa t s  t h e  f a b r i c  impact bag t o  provide gas containment and 
scuf f  r e s i s t ance .  The payload i s  t runnion  mounted i n  a gimbal r i n g  t h a t  i s  
f i rmly  a t tached  t o  t h e  to rus .  During landing, t h e  payload i s  locked t o  the 
gimbal t o  prevent payload r o t a t i o n  and t o  provide continuous support t o  t h e  
payload. When t h e  lander  comes t o  r e s t ,  the  gimbal i s  unl-ocked allowing 
t h e  payload t o  r o t a t e  t o  an upright  pos i t ion .  
o f f s e t t i n g  t h e  payload cen te r  of grav i ty .  
Rotation i s  accomplished by 
4.2.3 T r i p l e  Torus. - This concept, shown i n  Figure b.2-3, cons i s t s  of 
a c y l i n d r i c a l  payload mounted i n  t h e  cen te r  of t h r e e  i n f l a t e d  impact bags. 
Two l a r g e  t o r u s  bags a r e  designed t o  a t t enua te  landing loads and t h e  t h i r d  
small t o r u s  i s  intended p r imar i ly  t o  in su re  t h a t  t h e  lander  does not come t o  
r e s t  on i t s  end. The f a b r i c  torus  bags are coated with elastomer t o  provide 
gas containment and scu f f  r e s i s t ance .  The payload i s  t runnion mounted i n  a 
gimbal r i n g  similar t o  t h e  method used f o r  t h e  s i n g l e  t o r u s .  
Payload c e n t e r  of g r a v i t y  i s  again o f f s e t  al.lowing t h e  payload t o  r o t a t e  
t o  an upr ight  p o s i t i o n  when unlocked. 
t o  provide g r e a t e r  exposure of t h e  payload. 
The upper t o r u s  bag i s  t h e n  de f l a t ed  
4.2.4 Mult iple  T0ru.s. - This concept, shown i n  Figure 1+,2-4, cons i s t s  
of a c y l i n d r i c a l  payload supported by four  pe r iphe ra l  beams, 
impact bags are a t tached  t o  t h e  ends of t h e s e  beams. The f a b r i c  impact bags 
a t t e n u a t e  landing  loads and a r e  coated with elastomer t o  provide both gas 
Four t o r u s  
1.7 
A 
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.Payload 
A 
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coriI,ainment and scuf f  r e s i s t ance .  A t runnion  mounted payload i s  used sirnil ar 
t o  t l i r  s i n g l e  t o r u s  configurat ion.  Payload cen te r  of g rav i ty  i s  o f f s e t  so 
I h n L  it s \ r ivc ls  t o  an upright  pos i t i on  when unlocked. 
li .2.5 Evaluation. - The four  i n f l a t a b l e  concepts were q u a l i t a t i v e l y  
I 
evaluated consider ing previous study r e s u l t s  of similar conf igura t ions .  
Advantages and disadvantages of each conf igura t ion  a r e  presented i n  Figure 
. I  1 4 . 2 -  5. 
h.2.6 Concept Select ion.  - The i n f l a t a b l e  s i n g l e  t o r u s  concept was -
se l ec t ed  for d e t a i l e d  ana lys i s .  The primary reason f o r  s e l e c t i n g  t h i s  
concvpt i.s t h a t  t h e  designs for t h e  impact bag and payload supp0.r-t s t r u c t u r e  
are simple and straig11t :'xw31-d. The sphe r i ca l  l ande r  was not s e l e c t e d  be- 
cause of complexity assoc ia ted  with %he methods f o r  supporting and exposing 
lahe  payload, T r i p l e  t o r u s  and mul t ip le  t o r u s  configurat ions are d e s i r a b l e  
if greaLer view angles and payload exposure a r e  required.  The added com- 
p lex i ty  of t h e  t r i p l e  t o rus  concept and t h e  high weight and poor s towab i l i t y  
i'eatures of  t h e  mu1 t i p l e  torus make both  concepts somewhat undesirable .  
Study of t h e  s i n g l e  t o r u s  w i l l  provide a basis for  b e t t e r  understanding of 
t h e  o the r  pneumatic concepts. 
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5. CRUSHABLE TORUS LANDING SYSTEl{ 
Th1.s s e c t i o n  descr ibes  t h e  computer programs developed t o  p red ic t  
l anding  loads and motions and t h e  e f f i c i e n t  s t r u c t u r a l  design of crushable 
t o r u s  configurat ions.  S tudies  performed using t h e s e  programs leading  t o  a 
s e l e c t e d  crushable  t o r u s  conf igura t ion  a r e  a l s o  presented i n  t h i s  sect ion.  
5.1 COMPUTER PROGRAMS 
5.1.1 Crushable Torus S t r u c t u r a l  Design Program. - This  program, which 
i s  discussed i n  d e t a i l  i n  Appendix A, provides t h e  c a p a b i l i t y  f o r  e i t h e r  
e s t a b l i s h i n g  crushable  t o r u s  configurat ions meeting desi.gn cons t r a in t s  or  
for  eva lua t ing  e x i s t i n g  configurat ions.  
i n i t i a l  s e l e c t i o n  of a paylosd, payload-attenuator overlap,  a t t enua to r  
material, and des i r ed  v e l o c i t y  capab i l i t y .  
Operation of  t h i s  program requi res  
To allow maximum f l e x i b i l i t y  t h e  program was w r i t t e n  i n  two p a r t s .  The 
conf igura t ion  design p a r t  of t h i s  program i s  used t o  determine required 
a t t e n u a t o r  dimensions providing t h e  des i red  f l a t  and end landing ve loc i ty  
c a p a b i l i t i e s .  If it i s  des i r ed  t o  check t h e  ve loc i ty  c a p a b i l i t y  of a config- 
u r a t i o n  f o r  any a t t i t u d e  between f la t  and end, t h e  omnidirect ional  loads p a r t  
of t h i s  program i s  used. This  program i s  l i m i t e d  t o  constant  a t t i t u d e  crush- 
ing. 
Dimensional va r i ab le s  used t o  represent  t h e  payload and a t t enua to r  a r e  
shown i n  Figure 5.1-1. The payload i s  a d i sk  with e l l i p t i c a l l y  shaped circum- 
f e r e n t i a l  sur faces .  The a t t enua to r  i s  assumed t o  be o r i en ted  with i t s  p r i n c i -  
p a l  crushing axis perpendicular  t o  t h e  payload sur face .  Attenuator  shape i s  
23 
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Figure 5.l-1 
defined by e l l i p t i c a l ,  c i r c u l a r ,  and c y l i n d r i c a l  shaped surfaces .  By appro- 
p r i a t e  dimensional var ia t ion ,  crushable spheres can be inves t iga t ed  as well 
as var ious t o r u s  configurat ions.  
Besides providing t h e  R b i l i t y  t o  vary payload shape t h e  program allows 
v a r i a t i o n  of t h e  following parameters: a t t enua to r  mater ia l  p roper t ies ;  
rock diameter; f r i c t i o n  coe f f i c i en t ;  des i red  f l a t  and end ve loc i ty  capab i l i t y ;  
and i n c l i n a t i o n  of t h e  contact  angle between t h e  p lane t  sur face  and t h e  
vehicle  axes (constant  angle throughout s t roke) .  Load f a c t o r  can be minimized 
by paramet r ica l ly  varying input  payload shape, attenuator-payload overlap,  
and/or a t t enua to r  mater ia l  u n t i l  t h e  a c t u a l  i n t e r n a l  crush force  approaches 
t h e  allowable i n t e r n a l  crush force.  Attenuator mater ia l  p rope r t i e s  used i n  
t h e  program a r e  dens i ty  and r a d i a l ,  shear ,  and t r ansve r se  crush s t r e s s .  I n  
addi t ion,  t h e  allowable shear  s t r e s s  between t h e  payload and a t tenuator  is 
input .  An input  exponential  f a c t o r  i s  used i n  t h e  i n t e r a c t i o n  equation 
r e l a t i n g  shear and radial  s t r e s s .  
Output data include:  required a t t enua to r  diniensions; payload weight; 
landing system weight (cover, adhesive, and a t t enua to r  mater ia l ) ;  and maximum 
load f a c t o r  and ve loc i ty  c a p a b i l i t y  f o r  f la t  landing, end landing, and landing 
a t  t h e  input  contac t  angle. Data output as 8 func t ion  of s t roke  f o r  f l a t ,  end, 
and obl ique landing  include:  
force  ( inpu t  c o e f f i c i e n t  of f r i c t i o n  assumed a c t i n g  throughout s t roke ) ;  normal 
crushing force f o r  zero c o e f f i c i e n t  of f r i c t i o n ;  and maximum allowable f r i c t i o n  
force  (with no normal fo rce  ac t ing  on the  crush p lane) .  
a smaller  noma1 fo rce  w i l l  crush t h e  a t t enua to r  and a l a r g e r  volume of 
f o o t p r i n t  area;  normal crushing force  and f r i c t i o n  
With f r i c t i o n  act ing,  
a t t e n u a t o r  ma te r i a l  i s  required.  Load f a c t o r  2s gene ra l ly  a maximuin when 
t h e r e  i s  no f r i c t i o n  ac t ing ,  
b a l l i n g )  may be determined by coinparing calcul.ated values for  a c t u a l  i n t e r n a l  
crushing fo rce  and allowable i n t e r n a l  crushing fo rce  (both f l a t  and end 
landings) .  
I n t e r n a l  a t t enua to r  crushing (payload cannon 
5.1.2 Crushable Torus Landing Loads and Motions Program. - This program 
i s  used t o  p red ic t  t ime h i s t o r i e s  of landing loads and s p a t i a l  motions f o r  an 
intermediate  landing vehic le  u t i l i z i n g  a crushable torus  landing system. The 
program was w r i t t e n  t o  provide s i x  degrees of freedom motions f o r  t h e  lander  
def ined by t h e  S t r u c t u r a l  Design Program discussed i n  Sect ion 5.1.1. Varia- 
t i o n s  i n  geometrical  proport ions of landing system and payload, i d e n t i c a l  t o  
those  def ined i n  Sect ion 5.2.1, a r e  permissible .  Any energy absorpt ion 
mater ia l ,  having known mechanical and physical  p rope r t i e s ,  such as honeycomb 
o r  foam, may be used. S t r a i n  energy s to red  i n  t h e  a t t enua to r ,  which can be 
recovered i n  t h e  form of springback, i s  modeled a l so .  Any dens i ty  may be 
s e l e c t e d  for  t h e  payload, and t h e  program c a l c u l a t e s  t h e  weight and i n e r t i a s  
of  t h e  veh ic l e  using t h e  payload and a t t enua to r  d e n s i t i e s  :Lnput. The p l a n e t ' s  
su r f ace  condi t ions may be va r i ed  by s e l e c t i n g  any rock diameter,  any c o e f f i c i -  
en t  of  f r i c t i o n ,  and any su r face  s lope  ( p o s i t i v e  or  nega t ive)  l e s s  than  80'. 
A very important f e a t u r e  of  t he  program i s  i t s  s p a t i a l  motion capab i l i t y .  
It can consider  t r a n s l a t i o n a l  and r o t a t i o n a l  motions i n  any d i r e c t i o n  a r i s i n g  
from t h e  input  i n i t i a l  condi t ions  o r  t h e  ex te rna l  loads  and body fo rces  on it. 
Program running t ime may be reduced by s e l e c t i v e l y  locking  out  as many of  t he  
s i x  degrees of freedom as des i r ed  by inpu-t i nd ica to r .  These motions can be 
referenced t o  any of th ree  coord ina te  systems, one i n  t h e  veh ic l e  and t w o  on 
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t h e  sur face ,  which a r e  provided so t h a t  motions can be referenced t o  t h e  most 
meaningful coordinate  system, or ,  i n  some cases ,  t o  more than  one system so 
t h a t  d a t a  can be more e a s i l y  understood. 
Any of  t h r e e  i n t e g r a t i o n  techniques can be se l ec t ed  for  t h e  numerical 
i n t e g r a t i o n  of t h e  equations of  motion: four th  order  Runge - Kutta and f ixed  
and va r i ab le  s t e p  modified Adams - Moulton Predictor-Corrector .  Three 
Choices were provided because each technique has  d i f f e r e n t  advantages and 
disadvantages,  and. no one i s  optimum f o r  a l l  cases .  
The program p r i n t s  out t h r e e  types  of data;  input  parameters, time 
inva r i an t  values ,  and t ime h i s t o r i e s .  The t ime h i s t o r i e s  a r e  p r in t ed  out  i n  
blocks,  one f o r  each t ime poin t  pr in ted .  
va r i ab le s  i n  them can be changed by input  parameters. Most of t h e  ca l cu la t ed  
values i n  t h e  progrsrn a r e  s t o r e d  i n  t h e  program common block (COMINT) ( s e e  
Appendix E ) ,  and any va r i ab le  i n  COMIFC can be p r in t ed  out.  
The size of these  blocks and the 
The program has mul t ip le  case c a p a b i l i t y  i n  a s i n g l e  run. It can run 
as many cases  as desired,  with only the \changes  between cases  being read i n  
f o r  each succeeding case af'ter t h e  f i r s t .  
Program te rmina t ion  occurs when one of up t o  e igh t  d i f f e r e n t  time vary- 
i n g  parameters ( simultaneously checked while t h e  program i s  running) exceeds 
t h e  input  l i m i t  value.  
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The program i s  w r i t t e n  t o  make modif icat ion and improvements e a s i e r .  
It i s  divided i n t o  subrout ines  so t h a t  ca l cu la t ions  a r e  i n  func t iona l  groups, 
and can be  modified and improved separa te ly .  Addit ional  subrout ines ,  not 
used i n  t h e  present  program, a r e  i n  t h e  program deck and a r e  provided for  
l a t e r  inc lus ion ,  i f  desired,  of aerodynamic fo rces  and f u r t h e r  envlronmental. 
parameters. Capabi l i ty  i s  b u i l t  i n t o  t h e  equat iocs  of  motion and t h e  i n e r t i a  
subrout ine t o  handle t ime varying vehic le  moments and cross  products of 
i n e r t i a ,  even though t h e  program i s  not p re sen t ly  s e t  up t o  use them s ince  
they  a r e  assumed t o  have neg l ig ib l e  change. F ina l ly ,  comment cards  have 
been used l i b e r a l l y  i n  t h e  program t o  make it more und.erstandablc. 
Landing condi t ions causing high torques and l a r g e  r o t a t i o n a l  r a t e s  
during a t t enua to r  crushing may c r e a t e  l a r g e  r o t a t i o n s  o f  t h e  lander ,  For 
t h e s e  condi t ions ,  t h e  crush plane at any t ime may i n t e r s e c t  a previously 
crushed plane.  This  v i o l a t e s  t h e  assumption mentioned i n  Sect ion H.2.2 t h a t  
t h e  crush plane always contact  v i r g i n  mater ia l .  An ana lys i s  of such a case ,  
presented i n  Sect ion 5.7, showed t h a t  crush p lane  i n t e r s e c t i o n  occurred af'ter 
t h e  maximurn s t roke  poin t  had been reached as t h e  lander  was rebounding and 
r o t a t i n g .  During the per iod when t h e  crush planes i n t e r s e c t ,  t h e  program 
used a zero fo rce  although a small crushing fo rce  should have been ac t ing .  
The impulse imparted t o  t h e  lander  by t h i s  fo rce  a c t i n g  over a shor t  t ime 
per iod  would not appear t o  ma te r i a l ly  a f f e c t  t h e  motions of t h e  lander .  
t h e  program i s  used t o  s tudy landers  and landing  condi t ions where i n t e r s e c t -  
i ng  crush p lanes  a r e  an t i c ipa t ed ,  veh ic l e  o r i e n t a t i o n  r e l a t i v e  t o  s t roke  
should be  checked t o  determine t h e  ex ten t  of over lap  and r e s u l t i n g  accuracy 
of loads and motions. 
If 
5.2 PAYLQAD SHAPE COMPARISON - Payload and a t t enua to r  dimensions f o r  
t h e  crushable  t o r u s  a r e  shown i n  Figure 5.1-1. There a r e  two payload shape 
r a t i o s  which inf luence  landing  load f a c t o r  and landing system weight: 
r a t i o  o f  t h e  rad ius  of  t h e  c y l i n d r i c a l  po r t ion  of t h e  payload t o  t h e  payload 
half-height  (G/B); and t h e  ra t io  of t h e  major t o  minor r a d i i  of  t h e  outer  
e l l i p t i c a l  shaped po r t ion  of  t h e  payload (B/A). 
r a t i o s  on landing system weight, end landing load f ac to r ,  and f l a t  landing 
t h e  
The inf luence  O F  t hese  
load f a c t o r  a r e  shown i n  Figures  5.2-1, 5.2-2, and 5.2-3 respec t ive ly .  
These f i g u r e s  are f o r  a constant  payload weight of 500 pounds, ve loc i ty  of 
85 f e e t  pe r  second, 5.0 inch  rock diameter, and c o e f f i c i e n t  of f r i c t i o n  of 0.3.  
As t h e  parameter G/B i s  increased,  landing system weight and end landint; 
load f a c t o r  are decreased, but f l a t  landing load  f a c t o r  i s  ihcreased ( s e e  
curves f o r  4.5 l b / f t3  Styrofoam and B/A = 2.0). 
4, begin t o  exceed t h e  allowable dimensions for  stowage i n  t h e  aeroshe l l ,  no 
l a r g e r  G/B r z t i o s  than  11 were inves t iga t ed .  
on t h e s e  curves was not c r i t i c a l  and attenuator/payload overlap was minimal 
( C  = 0.50 inch cons tan t )  minimizing t h e  inf luence  of t h i s  parameter. 
a sphe r i ca l  shaped lander  r e s u l t s  i n  t h e  lowest f l a t  landing load f a c t o r s  
due t o  i t s  r e l a t i v e l y  small f o o t p r i n t  area while crushing. Use of t o r o i d a l  
landers  with a G/B r8,t io of  3 t o  4 r e s u l t s  i n  t h e  lowest landing system 
weights and b e s t  payload exposure a f t e r  landing. 
Since G/B ratios l a r g e r  than  
I n t e r n a l  crushing for a l l  po in t s  
Use of 
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An inc rease  i n  t h e  payload shape parameter B/A causes a decrease i n  
f l a t  and end load  f a c t o r s  and landing  system weight ( s ee  curves f o r  4.5 lb/f t ,3  
Styrofoam and G/B = 3.'9). A B/A of  4.0 was se l ec t ed  as optimum. A payload 
with a f l a t t e r  e l l i p t i c a l  end may experience i n t e r n a l  crushing, un less  addi- 
t i o n a l  over lap  (dimension C )  i s  provided. 
load f a c t o r  can be minimized by reducing dimension C u n t i l  t h e  a c t u a l  i n t e r n a l  
For a given payload shape t h e  
crush fo rce  approaches t h e  allowable i n t e r n a l  crush force.  Attenuator  materi- 
als with low t r ansve r se  crush stress a r e  most prone t o  i n t e r n a l  crushing s ince  
most of t h e  loads  from t h e  payload and upper h a l f  of t h e  a t t enua to r  must be 
c a r r i e d  through t h e  lower h a l f  of t h e  payload/at tenuator  bond. 
5.3 ATTENUA!rOH MATERIAL COMPARISON - Candidate crushable  a t t enua to r  
materials for  p l ane ta ry  landing systems a r e  balsa wood, s t e e l  and aluminum 
honeycomb, aluminum t r u s s g r i d ,  f i b e r g l a s s  honeycomb, thermoplast ic  foams, 
and thermose t t ing  foams, The s i g n i f i c a n t  ma te r i a l  property a f f e c t i n g  load  
f a c t o r  i s  crushing stress, while t h e  ma te r i a l  property inf luenc ing  landing 
system weight i s  s p e c i f i c  energy. 
To achieve a crushable landing  system which meets t h e  in te rmedia te  
lander  s p e c i f i e d  load f a c t o r  range (50  t o  300 e a r t h  g ' s )  r equ i r e s  use of 
materials with r e l a t i v e l y  low crushing s t r e s s .  For s p h e r i c a l  shaped landers  
crushing stress should be l e s s  than about 250 p s i ,  whfle f o r  t o r u s  landers  
with a G/B = 3.9 and B/A = 4.0 t h e  crush stress should be less  than about 
40 p s i  (see Figure 5.3-1). 
honeycombs, aluminuin t r u s s g r i d ,  and foams a r e  required f o r  t h e  in te rmedia te  
l ande r  load f a c t o r  range s ince  low dens i ty  i s  t h e  bes t  means of  achieving 
Thus very low dens i ty  mater ia l s  such as aluminum 
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low crush s t r e s s .  
I n t e r n a l  a t t enua to r  crushing (payload cannonballing) can be a c r i t i c a l  
f a c t o r  f o r  the low crush s t r e s s  a t t enua to r  ma te r i a l s ,  Materials with l i t t l e  
or no t r ansve r se  s t r eng th  r equ i r e  more payload/at tenuator  overlap s ince  a l l  
l oad  from t h e  payload and upper a t t enua to r  must be  c a r r i e d  by t h e  lower 
attenuator/payload bond. 
foam, which have t r ansve r se  crush s t r eng ths  equal t o  t h e  rad ia l  crush s t rength ,  
Consequently, use of aluminum t r u s s g r i d  and s tyro-  
r equ i r e  l e s s  overlap and genera l ly  minimize i n t e r n a l  crushing problems. 
Attenuator  allowable shear  s t r e s s  assoc ia ted  wi th  radial and t r ansve r se  
crush s t r e s s  can inf luence  load f a c t o r  and landing system weight i f  design 
c o e f f i c i e n t  of f r i c t i o n  i s  1-arge. Applicat ion of shear  t o  t h e  a t t enua to r  
reduces t h e  stress at which normal crushing occurs, reduces load  f ac to r ,  
but  increases  t h e  amount of a t t enua to r  requi red  t o  absorb t h e  landing impact. 
Throughout t h i s  s tudy a c o e f f i c i e n t  of f r i c t i o n  of 0.3 was assumed t o  be 
a c t i n g  cons tan t ly  through t h e  s t roke .  When f r i c t i o n  was considered i n  t h e  
ana lys i s ,  f la t  landing load  f a c t o r  for  a typ:Lcal case (3.0 lb / f t3  aluminum 
t r u s s g r i d  with allowable shea r  stress equal t o  90 percent  of the  radial  
crush s t r e s s )  w a s  reduced by 5.7 percent  while landing  system weight was 
increased  by 8.4 percent  compared t o  the ana lys i s  with no f r i c t i o n .  
f a c t o r  used f o r  design would be t h e  l a r g e s t  value obtained u t i l i z i n g  a speci-  
f i e d  c o e f f i c i e n t  of  f r i c t i o n  or  a f r i c t i o n  c o e f f i c i e n t  of  zero,  
Load 
Landing system weight as a func t ion  of a t t enua to r  ma te r i a l  s p e c i f i c  
energy (XKW) i s  presented i n  Figure 5.3-2 f o r  t o r u s  landers w i t h  a G/B of 
3.9 and a B/A of 4.0. The b a l s a  l ande r  I s  shown t o  be t h e  lightest of those  
35 
INFLUENCE OF, ATTENUATOR SPECIFIC ENERGY 
ON LANDING SYSTEM WEIGHT 
- 4.5 Lb/Ft3- 
Styroloam 
B I 3.0 lb /Ft3  
0 50 100 150 200 250 300 350 400 
Land ing  System Weight *- Pounds 
Figure 5.3-2 
compared s ince  it has a r e l a t i v e l y  high s p e c i f i c  energy. 
a t tenuator ,  requi red  t o  provide clearance between t h e  landing sur face  and 
payload, i s  not a v a i l a b l e  t o  absorb energy. 
funct ion of a t t e n u a t o r  dens i ty  and volume providing t h e  needed clearance,  
Therefore,  both material dens i ty  and s p e c i f i c  energy inf luence landing 
system weight. 
t h e  . t o t a l  arid e f f e c t i v e  landing system weight f o r  t h e  1.8 l b / f t 3  and 
4.5 l b / f t3  styrofoam (Figure 5.3-2). 
A por t ion  of t h e  
Weight of t h i s  po r t ion  i s  a 
The e f f e c t  of d e n s i t y  on weight can be seen by comparing 
5.4 SELECTED CONFIGURATION - The crushable t o r u s  concept was chosen 
because it o f fe r s  e f f i c i e n t  equipment packaging, f l e x i b l e  experiment packag- 
ing ,  easy experiment deployment, and r e l a t i v e l y  low landing system weight, 
A payload wi.th shape parameters G/B = 3.9 and R/A = 4.0 optimizes these  con- 
cept  a t t r i b u t e s  wi th in  t h e  a e r o s h e l l  compat ib i l i ty  requirement ( lander  must 
stow i n  a 9 foo t  base d i ane te r  120° blunted cone ae roshe l l ) .  
dens i ty  a t t enua to r  ma te r i a l s  s tudied,  t h e  3.0 l b / f t 3  dens i ty  aluminum truss-  
g r i d  r e s u l t s  i n  a lander  design which has t h e  lowest f l a t  landing load f a c t o r  
without experiencing i n t e r n a l  crushing, meets t h e  t o t a l  weight cons t r a in t s  , 
and stows w e l l  i n  t h e  ae roshe l l .  
a l i g h t e r  design, but  s l i g h t l y  exceeds t h e  des i r ed  load f a c t o r  and i s  t o o  
l a r g e  t o  stow well i n  a 9 f o o t  base diameter ae roshe l l .  
base l ine  configurat ion,  d e t a i l e d  i n  Figure 5.4-1, meets t h e  spec i f i ed  i n t e r -  
O f  tihe low 
Use of a 1.8 l b / f t  3 styrofoam r e s u l t s  i n  
Thus, t h e  se lec ted  
mediate lander  c o n s t r a i n t s  although it i s  a t  t h e  upper limit f o r  load f a c t o r  
(300 e a r t h  g ' s ) .  
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To obta in  lower landing load f a c t o r s  would requi re :  reduct ion of land- 
ing ve loc i ty  from 85 fps; use of a t tenuator  I n a t e r i d s  with a lower crushing 
s t r e s s  than  30 p s i  without, v io l a t ing  i n t e r n a l  crushing c r i t e r i a ;  8n increase  
i n  aeroshe l l  base diameter; use of sphe r i ca l  shapes; and/or increase  i n  the 
payload dens i ty  by reducing payload volume o r  reducing payload s i ze .  
t h e  aforementi.oned means of reducing load f a c t o r  e i t h e r  v i o l a t e  t h e  speci-  
f i e d  c r i t e r i a  o r  r e s u l t  i n  undesirable payload packaging, exposure, and 
deployment. 
A l l  of 
The a t t enua to r  materials inves t iga ted  i n  t h i s  study were those cu r ren t ly  
ava i l ab le  and considered most promising wi th ln  t h e  spec i f ied  cons t r a in t s ,  
Additional s tud ie s  of low crushing stress mater ia l s  would be des i rab le ,  
p a r t i c u l a r l y  i f  t h e  intermediate  lander  aeros1iel.l base dimeter io increased 
t o  accomodate a l a r g e r  lander  o r  i f  t h e  payload i s  reduced i n  size. 
The o r i e n t a t i o n  of t h e  alundnrun t r u s s g r i d  ribbon f o r  a t m i c a l  tapered 
segment i s  shown i n  Figure 5.4-1, T h i s  o r i e n t a t i o n  provides maximum resis- 
t ance  t o  i n t e r n a l  crushing f o r  a flat landing. The tapered segments are 
b o n d e d t o  each o the r  and t o  t h e  payload. A nomex cover is bonded on t h e  
ou te r  sur face  of t h e  a t t enua to r  t o  prevent shredding. 
5.5 AEROSHELL CCMF'ATIBILITY - An ae roshe l l  i n s t a l l a t i o n  drawing was 
made t o  determine t h e  compat ib i l i ty  of t h e  base l ine  crushable t o r u s  lander  
when i n s t a l l e d  i n  a 9 foot  dianieter ae roshe l l ,  This i n s t a l l a t i o n  i s  shown 
i n  Figure 5.5-1. Major components of t h e  assembly a re  a 9 foot  aeroshe l l ,  
t h e  base l ine  crushable t o r u s  lander ,  parachute c a n i s t e r  support t r u s s ,  de- 
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o r b i t  motor support t r u s s ,  and a de-orbi t  motor. 
The lander I s  posftioned with t h e  major ax is  of t h e  t o r u s  perpendicular 
t o  the c e n t e r l i n e  of t h e  aeroshe l l .  The lander  i s  cradled i n  t h e  aeroshe l l  
by support bro.ckets a t tached t o  t h e  aeroshell s t ruc tu re .  
The parachute c a n i s t e r  support t r u s s  s t r add le s  t h e  t o r u s  and provides 
s t r u c t u r a l  carry- thru f o r  the  lander  tie-down s t r a p s  i n  addi t ion  t o  suspend- 
ing  t h e  lander during t h e  parachute phase of t h e  landing. 
provides a load p&th for  t h e  t h r u s t  from t h e  de-orbi t  motor. 
The t r u s s  a l s o  
A thermal c u r t a i n  encloses t h e  lander  and parachute c a n i s t e r  t o  provide 
pro tec t ion  from aerodynamic hea t ing  during entry.  The c u r t a i n  i s  re leased  
with the aeroshell  separation. 
5.6 EXT’ERmNT DEPLOYMENT - Figure 5.6-1 shows t h e  b a s e l i n e  crushable 
torus  with t h e  exposed payload area a v a i l a b l e  f o r  experiment deployment. 
Lander i s  shown both with no crushing and with maximum crush plane on one 
s ide .  
Since t h e  to rus  lander  i s  b i -d i rec t iona l ,  experiment instrument deploy- 
ment i s  accomplished by one of  t h e  following arrangements: 
(1) 
(2) 
I n s t a l l i n g  dual i n s t r w e n t s  and equipment t h a t  must be deployed. 
Provide a f l ip -over  niechanism t o  r i g h t  t h e  lander i n  case it 
comes t o  rest upside down. 
Provide 8 gimbal f o r  those  instruments and experiments t h a t  must 
be o r i e n t a t e d  p r i o r  t o  deployment. 
fo r  t he  baseline payload s t u d i e s .  
( 3 )  
The latter concept was used 
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A t y p i c a l  payload equipment l i s t  i s  shown i n  Figure 5.6-2 f o r  t h e  
501.7 pound payload used i n  t h e  base l ine  t o r u s  s tud ies .  
included a r e  a facs imi le  camera; gas chromatograph/mass spectrometer; l i f e  
Science instruments 
detector ,  soil a c q u i s i t i o n  mechanism; meteorology including atmospheric 
humidity, temperature, pressure,  and wind sensor; subsurf ace probe; and a 
bound water instrument. 
5.7 LANDING LOADS AM) MOTIONS - To ,evaluate t h e  landing c h a r a c t e r i s t i c s  
of t h e  se lec ted  crushable to rus  design, t h r e e  landing conditions were inves- 
t i g a t e d  with t h e  Crushable Torus Landing Loads and Motions Program (Appen- 
d ix  B). 
i n i t i a l  hor izonta l  v e l o c i t y  component. 
ponents were d i r e c t e d  (1) along t h e  Yf ax i s  (down slope) ,  (2)  45' from t h e  
Yf axis (45' down 1310pe), and (3)  90' from the  Yf ax i s  (c ross  s lope) .  All 
t h r e e  r e su l t an t  i n i t i d -  v e l o c i t i e s  were 85 f t / s e c  or ien ted  on a 30° cone 
about t h e  Zf axis. 
The t h r e e  cases were exact ly  t h e  same except f o r  t h e  heading of t h e i r  
The i n i t i a l  hor izonta l  v e l o c i t y  coin- 
I n i t i a l l y ,  t h e  lander  X axis  was p a r a l l e l  and i n  t h e  same d i r e c t i o n  as 
t h e  Zf axis .  
t h e  Yf axis .  
and t h e  e l a s t i c  s t roke  rebound was 0.4 inches. 
described i n  Section 5.4. 
The lander  2 axis was p a r a l l e l  and i n  t h e  same d i r e c t i o n  as ' 
The surface s lope was 34O, t h e  c o e f f i c i e n t  of f r i c t i o n  was .3, 
The lander  geometry i s  
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The t r a n s l a t i o n a l  and angular v e l o c i t y  time h i s t o r i e s  a r e  shown i n  
Figures 5.7-1 t h r u  5.7-6. Prom Figures 5.7-4, 5, and 6, it i s  seen t h a t  t h e  
cross  s lope  condi t ion r e s u l t e d  i n  t he  highest  angular ve loc i t i e s .  The cross  
s lope case experienced t h e  two impacts and rebounded i n  a much shor t e r  time 
than  t h e  o ther  two cases.  
underwent t h e  two impacts i n  about t h e  same period of time. The l a t t e r  
case lefl; t h e  ground a l i t t l e  e a r l i e r  f o r  t h e  second rebound t h a n  did t h e  
down slope configurat ion.  
The down slope and 45 degree down slope conditions 
The t r a j e c t o r y  of t h e  lander  center  of g r a v i t y  i s  shown i n  Figures 5*7-7 
and 5.7-8. 
of g r a v i t y  motion on t h e  plane of t h e  landing surface and t h e  Yls - Z l s  plane. 
It can be  seen from Figure 5.7-8 t h a t  t h e  two impacts shown ?or each of these  
t h r e e  cases  occur before  t h e  center  of g r a v i t y  rebounds. The two impacts 
are caused by one edge of t h e  a t tenuator  impacting f irst ,  causing lander  
ro t a t ion ,  then  t h e  o ther  edge impacting, reducing o r  revers ing t h e  r o t a t i o n  
( see  Figure 5.7-4 t h r u  5.7-6). 
This information i s  presented as t h e  pro jec t ions  of t h e  center  
Time h i s t o r i e s  of t h e  forces  and moments ac t ing  at t h e  lander  center  of 
g r a v i t y  a r e  shown i n  Figure 5.7-9 and 5.7-10 for  t h e  down slope case. 
loads a r e  referenced t o  t h e  lander  coordinate system. 
The 
- 
A s  mentioned i n  Section 5.1.2, a bas ic  assumption t o  t h e  p r o g r m  i s  
These t h r e e  t h a t  crush planes do not contact  previously crushed planes. 
cases  do v i o l a t e  t h i s  assumption t o  some extent .  A s  an example of t h e  
problem, t h e  motions of t h e  crush plane are i l l u s t r a t e d  f o r  t h e  down slope 
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case  i n  Figure 5.7-11. Crush plane in t e r sec t ion ,  which i s  indicated by t h e  
shaded a r e a  i n  t h i s  f igure ,  occurs during t h e  rebound port ion of t h e  in i t i a l -  
impact. 
per iod when t h e  crush planes i n t e r s e c t ,  however t h e  program has conservat ively 
used zero force.  
i ng  over a shor t  t i m e  per iod would not appear t o  mater ia l ly  a f f e c t  t h e  motions 
A small. force  should be applied t o  t h e  lander  during t h e  short  
The impulse imparted t o  t h e  lander  by t h e  small force ac t -  
of t h e  lander.  
I n  t h e  cases s tud ied  where i n t e r s e c t i n g  crush planes occur, t h e  i n t e r -  
s e c t i o n  occurs a f t e r  t h e  maximum a t tenuator  s t roke  i s  reached. The r e l a t ion -  
sh ip  between lander  r o t a t i o n a l  r a t e  and t h e  r a t e  of change of s t roke  deter-  
mines i f  t h e  crush planes i n t e r s e c t ,  
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6. INFLATABLE TORUS LANDING SYSTEN 
This s e c t i o n  descr ibes  t h e  computer programs developed t o  p red ic t  land- 
i n g  loads and motions and t h e  e f f i c i e n t  s t r u c t u r a l  design of i n f l a t a b l e  t o r u s  
conf igura t ions .  S tudies  performed using these  programs leading  t o  a se l ec t ed  
i n f l a t a b l e  to rus  conf igura t ion  are a l s o  presented i n  t h i s  s e c t i o n .  
6.1. COMPUTER PROGllAMS 
6.1.1 I n f l a t a b l e  Torus S t r u c t u r a l  Design Program. - This program, which 
is  discussed i n  de t a i l -  i n  Appendix C ,  provides t h e  c a p a b i l i t y  f o r  es tabl ishing.  
i n f l a t a b l e  to rus  conf igura t ions  meeting s p e c i f i c  design const . ra ints ,  Opera- 
t i o n  of t h i s  program requ i r e s  i n i t i a l  s e l e c t i o n  of a payload, bag mater ia l ,  
des i r ed  v e l o c i t y  c a p a b i l i t y ,  and des i red  load f a c t o r .  
mines to rus  dimensions, i n t e r n a l  pressures ,  and bag t h i c h e s s e s  ,providing t h e  
required v e l o c i t y  c a p a b i l i t y  and load f a c t o r  f o r  f l a t  landing.  
The program then de te r -  
Veloc i ty  capa- 
b i l i t y ,  load f a c t o r ,  and bag s t r e s s e s  f o r  end landing a r e  a l s o  determined, 
and i f  a bag th ickness  inc rease  i s  necessary,  t h e  program automat ica l ly  reruns 
both f l a t  and end landing ca l cu la t ions  with an updated bag thickness  and 
weight,. 
i ng .  
Normally t h e  ou te r  120° segment of t h e  bag is  c r i t i c a l  f o r  end land- 
The  program w i l l  a l s o  determine load f a c t o r  and v e l o c i t y  c a p a b i l i t y  f o r  
any des i r ed  inpu t  u n i d i r e c t i o n a l  landing a t t i t u d e  (cons tan t  a t t i t u d e  s t rok -  
i n g ) .  
b i l i t y  and load f a c t o r  s tandpoin t .  
F l a t  l anding  has been found t o  be c r i t i c a l  from both a v e l o c i t y  capa- 
The v e l o c i t y  c a p a b i l i t y  increases  and t h e  
load f a c t o r  decreases  as landing a t t i t u d e  (BET) i s  increased from Oo ( F l a t  
Landing) t o  90" (End Landing). 
Dimensional va r i ab le s  used t o  represent  t h e  payload and a t t enua to r  a r e  
shown i n  Figures 6.1-1 and 6.1-2. 
to rus  a t t e n u a t o r  by a gimbal r ing .  
determined by t h e  program i n  i n t e g e r  number o f  plys a t  t h r e e  loca t ions  around 
t h e  circumference. Proper t ies  of a s i n g l e  p ly  of t h e  bag ma te r i a l  a s  wel l  a s  
des i red  m i n i m u m  number of ply3 a t  t h e  t h r e e  loca t ions  a r e  inpu t  q u a n t i t i e s .  
Any elastomer used t o  s e a l  t h e  bag, which i s  a funct ion of t h e  number of plys,  
should be included i n  t h e  weight of one ply.  
f o r  t h e  bag, which is  a func t ion  only  of su r face  a rea ,  is a sepa ra t e  inpu t .  
The payload i s  a cy l inder  a t tached t o  t h e  
Thickness of t h e  t o rus  a t t e n u a t o r  i s  
Weight of any scuf f  pro tec t ion  
Deflected to rus  shape has been used a s  t h e  a n a l y t i c a l  bas i s  f o r  calcula-  
t i o n  of f o o t p r i n t  area,  volume change, and to rus  s t r e s s e s .  Pressure r i s e  i s  
determined based on volume change, assuming a polytropic  process.  
spring/mass dynamic model i s  u t i l i z e d  f o r  a f l a t  landing, and a s i n g l e  spring/ 
mass dynamic model i s  u t i l i z e d  f o r  landings o the r  than f l a t .  
allows t h e  user  t o  s e l e c t  t he  des i r ed  minimum number of plys  a t  t h r e e  loca-  
t i o n s ,  and i n t e r n a l l y  ca l cu la t e s  t h e  torus  thickness  required i n  i n t e g e r  
number of plys i f  minimum ply  s t r e n g t h  i s  exceeded. 
A two 
The program 
An i n f l a t a b l e  to rus  drop t e s t  program t o  determine t h e  e f f e c t s  of land- 
i n g  ve loc i ty ,  payload weight, and to rus  pressure on payload s t r o k e  and accel-  
e r a t i o n  under simulated Mars atmospheric pressure was conducted by McDonnell 
Douglas Astronautics Company, Eastern Division, under NASA Contract  NAS-1-79'77 
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f o r  Langley Research Center. Tes t  r e s u l t s  f o r  t h e  drop t e s t  program, pre- 
sented i n  Reference 2, s u b s t a n t i a t e  t h e  a n a l y t i c a l  models chosen f o r  t h e  
I n f l a t a b l e  Torus S t r u c t u r a l  Design Computer Program. 
Output da t a  incl-ude: bag rad ius  (RS);  t o r u s  rad ius  (RL); i n f h t i o n  
pressure;  maximum pressure;  payload weight; landing system weight ( t o r u s  f ab r i c ,  
elastomer,  scuf f  pro tec t ion ,  and gas ) ;  i n f l a t i o n  system weight (gas  and t ank) ;  
requi red  number of p lys  at t h r e e  loca t ions ;  maximum running load  at t h r e e  
po in t s  on t h e  bag; and maximum load  f a c t o r  and ve loc i ty  c a p a b i l i t y  for  f l a t  
landing, end landing, and landing at input  contact  angle.  Data output as a 
func t ion  of s t roke  include:  t o t a l  fo rce  normal. t o  t h e  surface;  i n t e r n a l  bag 
pressure;  f o o t p r i n t  area;  and v e l o c i t y  capab i l i t y .  
6.1.2 I n f l a t a b l e  Torus Landing Loads and Motions Program. - The I n f l a t -  
ab le  Torus Landing Loads and Motions Program determines t h e  pos i t i ons ,  velo- 
c i t i e s ,  and acce le ra t ions  of  a given i n f l a t a b l e  to rus  lander  as a funct ion of 
time. The l ande r ' s  conf igura t ion  may be e s t ab l i shed  with t h e  I n f l a t a b l e  
Torus S t r u c t u r a l  Design Program (Sec t ion  6.1.1 and Appendix C ) ,  or  a lander  
design may be ava i l ab le  from some o ther  source. Operating i n s t r u c t i o n s ,  
toge ther  with a d iscuss ion  of t h e  methods of ana lys i s  and two example runs,  
a r e  presented i n  Appendix D. 
The t o r u s  lander  i s  assumed t o  have t h e  geometric p rope r t i e s  shown i n  
Figure 6.1-1. 
i n g  system and t h e  payload. 
package mounted i n  t h e  cen te r  o f  t h e  i n f l a t e d  t o r u s  impact bag. 
The l ande r  i s  comprised of two main pa r t s ;  t h e  i n f l a t e d  land- 
The payload c o n s i s t s  of a c y l i n d r i c a l  shaped 
A gimbal 
r i n g  supports  t h e  payload s t r u c t u r e  which allows t h e  requi red  payload 
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alignment following landing. During landing,  t h i s  gimbal r i n g  i s  locked so 
t h a t  it provides r i g i d  support  f o r  t h e  payload. The payload package and 
gimbal r i n g  a r e  assumed t o  have a uniform weight dens i ty .  
. .  
The i n f l a t a b l e  torus  i s  constructed of a suitab1.e f a b r i c  coated w i t h  an 
elastomer t o  provide gas containment and scuf f  r e s i s t ance .  To provide t h e  
required to rus  s t r e n g t h  p rope r t i e s  with a minimum weight, t h e  thickness  of 
t h e  t o rus  mater ia l  may be var ied over t h r e e  sec t ions .  An input  quan t i ty  i s  
ava i l ab le  t o  account f o r  t h e  hys t e re s i s  e f f e c t s  of  t he  torus  material. The 
torus  is considered t o  be an unvented, uncompartmented s t r u c t u r e ,  
The ana lys i s  developed i n  t h i s  s tudy  was cor re la ted  with t h e  i n f l a t a b l e  
torus  drop t e s t  program r e s u l t s  presented i n  Reference 2. 
Torus Landing Loads and Motions Program provides adequate pred ic t ions  of t h e  
r e s u l t s  obtained during t h i s  t e s t  program. 
The I n f l a t a b l e  
Features incorporated i n  t h i s  program inc lude  t h e  a b i l i t y  t o :  s imulate  
s p a t i a l  motions; suppress degrees of freedom t o  conserve computational t ime; 
vary t h e  torus  hys t e re s i s  f a c t o r ,  l ander  geometry, sur face  s lope ,  c o e f f i c i e n t  
of f r i c t i o n ,  and rock diameter;  s e l e c t  va r i ab le  o r  constant  s t e p  Predictor-  
Corrector  o r  Runge-Kutta i n t e g r a t i o n  methods; s e l e c t  values f o r  as many as 
e igh t  independent time h i s t o r y  var iab les  f o r  problem terminat ion;  and t o  
r e v i s e  t h e  form of t h e  program output w i t h  i nd ica to r s  s e t  through the  input  
d a t a .  The computed lander  time h i s t o r y  va r i ab le s  may be referenced t o  any of 
t h r e e  coordinate  systems. Two of t hese  a r e  f ixed i n  t h e  p l a n e t ' s  su r f ace  and 
t h e  o t h e r  moves with t h e  l ande r ' s  cen ter  of grav i ty .  
gram has a mul t ip le  case capab i l i t y .  
I n  addi t ion ,  t h e  pro- 
Major a n a l y t i c a l  considerat ions a r e  grouped i n  subrout ines  which allow 
modifications and improvements t o  be made w i t h  r e l a t i v e  ease.  Also,  addi- 
t i o n a l  ske le ton  subrout ines  a r e  provided with which t h e  e f f e c t s  of aerodynamic 
and environmental condi t ions can be included i n  t h e  ana lys i s .  
6.2 PAYLOAD SHAPE COMPARISON - Payload and a t t enua to r  dimensions f o r  t he  
i n f l a t a b l e  to rus  a r e  shown i n  Figure 6.1-1. 
parameter A/C, which is  t h e  c y l i n d r i c a l  payload diameter divided by payload 
The inf luence  of t h e  payload shape 
height ,  on landing system weight, bag radius ,  and absolu te  i n f l a t i o n  pressure 
i s  shown i n  Figures 6.2-1, 6.2-2, and 6.2-3, respec t ive ly .  
f o r  a l l  s tud ie s  was 0.0725 p s i .  
Ambient pressure 
These f igures  a r e  f o r  a 500 pound payload, a 
ve loc i ty  of 85 f e e t  per  second, and a 5 inch diameter rock. 
are shown f o r  50, 150, and 300 e a r t h  g load f a c t o r  d.esigns. The I n f l a t a b l e  
Torus S t r u c t u r a l  Design Program allows the  t a i l o r i n g  of bag rad ius ,  bag thick- 
ness,  and i n f l a t i o n  pressure t o  provide des i red  load f a c t o r  f o r  f l a t  landings. 
I n f l a t a b l e  systems al low considerably more f l e x i b i l i t y  than crushable systems 
i n  achieving des i red  load f a c t o r  i n  t h e  intermediate  landing category. Basi- 
c a l l y ,  t h i s  i s  because crushable  mater ia l s  a r e  only ava i l ab le  w i t h  s p e c i f i c  
proper t ies ,  and do not  a l low continuous va r i a t ion  as does bag i n f l a t i o n  pres- 
s u r e  f o r  t h e  i n f l a t a b l e  landing systems. 
Separate  curves 
Se lec t ion  of an A/C r a t i o  of between 3 . 5  and 5.0 depending on des i red  
load  f a c t o r  r e s u l t s  i n  a minimum weight landing system ( see  Figure 6.2-1). 
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INFLATABLE TORUS 
INFLUENCE OF PAYLOAD SHAPE PARAMETER ON BAG RADIUS 
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Values of A/C l a r g e r  than 5.0 r e s u l t  i n  heavier landing systems because of 
minimum bag thickness  ( p l y )  r e s t r i c t i o n s .  
a f fec ted  by payload shape parameter A/C, p a r t i c u l a r l y  f o r  50 and 150 g load 
f a c t o r  curves ( see  Figure 6.2-3). 
payload shape parameter A/C i s  increased (see  Figure 6.2-2). 
I n f l a t i o n  pressure i s  not  g r e a t l y  
Required bag radius  i s  s l i g h t l y  reduced a s  
Landing system 
weight and required bag rad ius  a r e  shown t o  decrease,  and i n f l a t i o n  pressure 
is shown t o  increase  as design load f a c t o r  increases  i n  Figure 6.2-4 ( f o r  
constant  A/C = 4.0 and f a b r i c  weight = .017 l b / f t  ) . 2 
6.3 BAG MATERIAL COMPARISON - The e f f e c t  of f a b r i c  weight ( th i ckness )  
on landing system weight is a l s o  shown i n  Figure 6.2-1 f o r  t h e  150 g load 
f a c t o r  curves.  Thin f a b r i c  ( f a b r i c  weight = ,017 l b / f t  ) allows a design 
c l o s e r  t o  optimum than a r e l a t i v e l y  t h i c k  f a b r i c  ( f a b r i c  weight = .077 l b / f t2 )  
and consequently allows a 12.7% weight savings f o r  A/C = 4.0. The t h i n  f a b r i c  
2 
i s  not  as d e s i r a b l e  from a manufacturing s t m d p o i n t ,  however, s i n c e  1.4 plys 
are required a t  t h e  payload a t t a c h  f o r  t h e  t h i n  f a b r i c ,  whereas on ly  3 plys 
a r e  required f o r  t h e  t h i c k  f a b r i c  ( f o r  A/C = 4.0).  There is  l i t t l e  d i f f e r -  
ence i n  e i t h e r  bag rad ius  o r  i n f l a t i o n  pressure f o r  "cie two f a b r i c s .  
6.4 SELECTED CONFIGURATION - The i n f l a t a b l e  s i n g l e  to rus  was chosen 
because it o f f e r s  e f f i c i e n t  equipment packing, f l e x i b l e  experiment paclcaging, 
easy experiment deployment, and lowest landing system weight. 
parameter A/C of 4.0 optimizes these  concept a t t r i b u t e s  wi th in  t h e  spec i f i ed  
c o n s t r a i n t s  of Sect ion 3. 
A payload shape 
Se lec t ion  of a base l ine  design al lowing f l a t  land- 
i n g  a t  150 e a r t h  g ' s  of a 500 pound payload was made s i n c e  t h i s  was near  t h e  
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cen te r  of t h e  load f a c t o r  range. h d  landing load f a c t o r  is 71 e a r t h  g ' s  f o r  
t h e  base l ine .  
The base l ine  i n f l a t a b l e  to rus  i s  shown i n  Figure 6.4-1. The bag i s  con- 
s t r u c t e d  of 2 plys  of HT-1 (Nomex) on t h e  o u t e r  120° po r t ion  of t h e  bag and 
3 plys of  HT-1 on t h e  i n n e r  2 4 0 O .  
s t r eng th  of 53L Ib / in .  An 85% seam e f f i c i ency  f a c t o r  reduces t h e  allowable 
running load t o  454 l b s / i n .  The bag is  composed of 20 gores per p l y  bonded 
toge ther  and a t tached  as shown i n  Figure 6.4-1, t o  t h e  gimbal r ing .  Use of  
t h i s  ma te r i a l  (.077 I.b/ft ) r a t h e r  than t h e  th inne r  Nomex (.017 l b / f t  ) allows 
reduct ion i n  t h e  number of plys from 14 t o  3 ,  while adding 21  pounds t o  t h e  
landing system weight.  Abrasion and puncture p ro tec t ion  and to rus  s e a l  a r e  
obtained by uniformly coa t ing  t h e  torus  with an elastomer ( s i l i c o n e  rubber 
compound of t h e  methyl-phenyl type) .  A weight of ,132 l b / f t 2  was included 
f o r  t h i s  ma te r i a l .  
One p l y  weighs .077 l b / f t 2  and has a 
2 2 
Required i n f l a t i o n  pressure  is  5.31 p s i  absolu te  (.0725 p s i  ambient pres- 
s u r e )  w i t h  2.7 pounds of n i t rogen  gas being suppl ied from a 20.7 l b .  tank,  
which i s  not  landed ( tank  i s  removed by t h e  parachute when it i s  released 
p r i o r  t o  lander  impact).  The i d e a l  gas cons tan t  of 1.40 f o r  n i t rogen  was 
used i n  t h e  computer run (program assumes a poly t ropic  process) .  Max imum 
limit pressure  dur ing  impact i s  6.25 p s i .  
6.5 AEROSHELL COMPATIBILITY - Aeroshell  i n s t a l l a t i o n  of t h e  i n f l a t a b l e  
to rus  i s  q u i t e  similar t o  t h e  crushable  t o r u s .  Since,  t h e  i n f l a t a b l e  t o r u s  
i s  stowed i n  t h e  d e f l a t e d  condi t ion,  t h e  payload package will s i t  lower i n  
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INFLATABLE TORUS BASELINE DESIGN 
Notes: 
Weight of Torus Plus Gas = 164.8 L b  
Tank Weight = 20.7 Lb 
Payload Weight = 500 L b  
Total Weight -- 685.5 L b  
Elastomer - Methyl - Phenyl Silicone 
0.132 L b/Ft2 
Uni t  Weight ='ObO77 Lb/Ft2 Per P l y  
Strength o f  Fabric 454 Lb/ ln Per P ly  
Fabricate From Nomex Fabric (HT- I )  
Inf lat ion Pressure 5.31 Lb/ln2 Abs 
A - A  
t h e  a e r o s h e l l .  This w i l l  y i e l d  a c e n t e r  of g r a v i t y  of t h e  e n t r y  vehi.cle a 
l i t t l e  c l o s e r  t o  t h e  apex of t h e  a e r o s h e l l  cone than w a s  obtained wj.th t h e  
crushable to rus  i n s t a l l a t i o n  ( s e e  Figure 5.5-1). 
6.6 EXPERIMENT DEPLOYMENT - The exposed payload area available f o r  
experiment d e p l o p e n t  of  t h e  base l ine  i n f l a t a b l e  l ande r  is shown i n  F i w r e  
6.6-1, 
s lope .  
deployment wi.thout i n t e r f e r e n c e  with t h e  bag. 
The l ande r  i s  shown on both a f l a t  ho r i zon ta l  su r f ace  and a 34 degree 
The shaded a r e a  shows t h e  maximum envelope a v a i l a b l e  f o r  instrument 
Design layout  of t h e  payload package was prepared f o r  t h e  l i s t  of equip- 
ment shown i n  Figure 6.6-2. 
payload package a re  shown i n  Figure 6.6-3. 
Equipment and s t r u c t u r a l  arrangements of t h e  
The  complete payload package i s  supported by a s i n g l e  gimbal r i n g  which 
allows t h e  payload t o  r i g h t  i t s e l f  af ter  t h e  1-ander comes t o  res ' t .  
6.7 LANDING LOAD3 J\ND MOTIONS - To evaluate  the  landing c h a r a c t e r i s t i c s  
of t he  s e l e c t e d  i n f l a t a b l e  torus  design, a number of landj.ng condj.tions were 
inves t iga t ed  wi th  t h e  I n f l a t a b l e  Torus Landing Loads and Motions Program 
(Appendix D ) .  The l ande r  had an i n i t A a l  a t t i t u d e  orierlted s o  t h a t  t h e  X ,  Y ,  
and Z axes were p a r a l l e l  t o  and i n  t h e  same d i r e c t i o n  as t h e  p l a n e t ' s  Zf, Xf, 
and Yf axes, r e spec t ive ly .  A l o c a l  s u r f a c e  s lope  of 34. degrees with a 0.3 
cocf f i c i e n t  of' f r i c t i o n  was inves t iga t ed .  Varj ous i n i t i a l  l ande r  v e l o c i t i e s  
wiLh a r e s u l t a n t  of 85 ft /sec o r i en ted  on a 30 degree cone aboGt t h e  g r a v i t y  
vec to r  were considered. T h i s  r e su l t ed  i n  t h e  l ande r  having an in i t3 .a l  
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PAYLOAD EXPOSURE FOR EXPERIMENT DEPLOYMENT 
INFLATABLE BASELiNE DESIGN 
Figure 6.6-1 
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TYPICAL INFLATABLE LANDER EQUIPMENT 
BASELINE DESIGN 
ITEM 
Science 
Deployment and Orientation 
Corn mu n i cat ion 
Sequencer 
Radar 
Electr ical  Power 
Wiring and Miscellaneous 
Subtotal Equipment 
!jtr uct ure 
Thermal Control 
Tota l  Payload 
63 43 343.7 
1020 99.8 
6970 62.8 
l4 333 I 497.3 
Figure 6.6-2 
c cc
Figure 6.6-3 
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v e l o c i t y  with components along t h e  Zf axis and i n  t h e  Xf-Yf plane.  
l ander  geometry considered i s  given i n  Sect ion 6.4. 
The 
The following f igu res  show t h e  t r a n s l a t i o n a l  and angular lander  ve loc i ty  
time h i s t o r i e s  and lander  cen te r  of g rav i ty  t r a j e c t o r i e s  f o r  t h r e e  of t h e  
cases ,  
t h e  Xf-Yf plane was referenced t o  t h e  Yf axis. 
I n  these  cases ,  t h e  d i r e c t i o n  of t he  i n i t i a l  v e l o c i t y ' s  component i n  
The t h r e e  cases oons is t  of 
this v e l o c i t y  corr,ponent, d i r ec t ed  (1) along t h e  Yf axis (down slope),.(2) 1$5 
degrees from t h e  Yf axis (45 degrees down s lope ) ,  and (3)  90 degr'ees from t h e  
Yf axis (cross  s l o p e ) .  Also, a d d i t i o n a l  load time h i s t o r y  i n f o m t i o n  is  
presented f o r  t h e  down s lope  condi t ion.  
The t r a n s l a t i o n a l  and angular  ve loc i ty  time h i s t o r i e s  a r e  shown i n  
Figures 6.7-1 through 6.7-k. 
s lope  condi t ion r e su l t ed  i n  t h e  highest  angular v e l o c i t i e s .  
case experienced only  one impact i n  t h e  time i n t e r v a l  considered. 
impact was much longer  i n  time dura t ion  than t h e  first impact, f o r  t h e  o ther  
two cases .  The i n i t i a l  impact f o r  t h e  down s lope  and t h e  45 degree down s lope  
cases,  ended a t  about t h e  same time. However, t he  l a t t e r  case h i t s  t he  ground 
sooner f o r  t he  second impact, 
From Figure 6.7-4, it i s  seen t h a t  t h e  cross 
I n  addi t ion ,  t h i s  
T h i s  f i r s t  
The t r a j e c t o r y  of t h e  lander  cen te r  of  g r a v i t y  i s  shown i n  Figure 6.7-5. 
This information i s  presented as t h e  pro jec t ions  of t h e  cen te r  of g rav i ty  
motion on t h e  plane of t h e  landing su r face  and t h e  Yls -Zls  p lane.  
be seen, t h a t  i n  both t h e  45 degree down s lope  and cross  s lope  cases ,  t h e  
It can 
l ander  c e n t e r  of g r a v i t y  experienced q u i t e  a b i t  of down h i l l  motion r e l a t i v e  
t o  the  d i r e c t i o n  of the  i n i t i a l  ve loc i ty .  
Additional information f o r  t he  down slope case i s  shown i n  Figure 6.7-6. 
Here, t h e  time h i s t o r i e s  of t h e  forces  and moments a c t i n g  a t  t h e  lander 
c e n t e r  of g r a v i t y  a r e  shown. 
na te  system. 
The loads are referenced t o  t h e  lander  coordi- 
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LANDER CENTER OF GRAVITY VELOCITY IN LOCAL SURFACE X DIRECTION 
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LANDER CENTER OF GRAVITY TRAJECTORIES IN LOCAL SURFACE COORDINATES 
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LANDER FOfKES AND MOMENTS 
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7. CONCLUSIONS 
Both t h e  Crushable Torus and t h e  I n f l a t a b l e  Torus S t r u c t u r a l  Design 
Programs developed i n  t h i s  study have been shown t o  be capable of satis- 
f a c t o r i l y  e s t a b l i s h i n g  configurat ions meeting t h e  c r i t e r i a  s p e c i f i e d  i n  
t h i s  report .  U t i l i z i n g  t h e  base l ine  configurat ions es tab l i shed  with t h e s e  
programs, t h e  c a p a b i l i t y  of t h e  Crushable Torus and t h e  I n f l a t a b l e  Torus 
Landilzg Loads and Motions Programs t o  pred ic t  s i x  degrees of' freedom motions 
was demonstrated. 
The crushable t o r u s  configurat ion d e t a i l e d  i n  Section 5.4 has been 
analyzed using t h e  computer programs developed i n  t h i s  study and has been 
shown t o  s a t i s f a c t o r i l y  lend  a 15.5 s lug  payload at 85 f e e t  per  second with 
a m a x i m u m  load f a c t o r  of 300 ea r th  g ' s  and within t h e  o ther  c o n s t r a i n t s  
s t i p u l a t e d  i n  Sect ion 3. Similar ly  the  i n f l a t a b l e  to rus  configurat ion 
d e t a i l e d  i n  Section 6.4 has been shown t o  s a t i s f a c t o r i l y  land  t h e  same pay- 
load under t h e  same conditions with a maximum load  f a c t o r  of 150 ea r th  g ' s .  
The i n f l a t a b l e  torus  may be t a i l o r e d  t o  provide any des i red  maxinium 
load f a c t o r  and v e l o c i t y  c a p a b i l i t y  with minimum landing system weight by 
varying bag radius ,  i n f l a t i o n  pressure,  and payload shape. The base l ine  
torus  employs a payload shape paranieter A/C, which i s  t h e  c y l i n d r i c a l  pay- 
load  diameter divided by t h e  payload height ,  of 4, 
optimum, r e s u l t i n g  i n  t h e  l i g h t e s t  i n f l a t a b l e  landing system weight f o r  t h e  
s p e c i f i c  design c o n s t r a i n t s  studied. 
This was found t o  be 
Use of a s p h e r i c a l  crushable lander  r e s u l t s  i n  t h e  lowest design 
landing load  f ac to r s ,  while use of a crushable to rus  employing a r e l a t i v e l y  
f la t  payload r e s u l t s  i n  t h e  lowest landing system weight and b e s t  payload 
a c c e s s a b i l i t y  of t h e  crushable concepts invest igated.  The base l ine  t o r u s  
employs payload shape with G/B = 3.9 and B/A = 4.0, which was found t o  
r e s u l t  i n  t h e  l i g h t e s t  crushable landing system weight f o r  t h e  s p e c i f i c  
design c o n s t r a i n t s  studied. The r a t i o  G/B I s  t h e  radius  of t h e  c y l i n d r i c a l  
‘por t ion  of t h e  payload divided by t h e  payload h a l f  height ,  while B/A i s  t h e  
r a t i o  of t h e  major t o  minor r a d i i  of the o u t e r  e l l i p t i c a l  por t ion  of t h e  
payload. 
base l ine  crushable a t tenuator  material because i t s  low crush s t r e s s  (31 p s i )  
r e s u l t s  i n  low load f ac to r s .  Also, it possesses good t ransverse  s t rength  
which minimizes problems of i n t e r n a l  a t tenuator  crushing (payload cannon 
b a l l i n g )  encountered when mater ia ls  with l i t t l e  or  no t ransverse  crush 
s t rength  were used. 
proper t ies  t o  achieve landing load f ac to r s  i n  t h e  intermediate category, but  
t h e  s p e c i f i c  foams inves t iga ted  general ly  produced a lander  which was t o o  
l a r g e  for  stowage i n  t h e  aeroshel l .  
Aluminuui t r u s s g r i d  with a dens i ty  of 3.0 l b / f t 3  was se lec ted  fo r  t h e  
P l a s t i c  foams also appear t o  have t h e  desired maf,erial 
Several  assumptions were required i n  developing the. a n a l y t i c a l  models 
fo r  t h e  four computer programs, 
be d i r e c t e d  toward el iminat ion of t h e  more r e s t r i c t i v e  assumptions discussed 
i n  t h e  following paragraphs. 
Future program refinement or  expansion could 
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An important assumption made i n  t h e  crushable to rus  programs i s  t h a t  
t h e  crush plane always contacts  v i r g i n  mater ia l ,  This assumption i s  
v io la ted  i f  successive crush planes i n t e r s e c t  and may occur when t h e  lander  
i n i t i a l  conditions are such t h a t  high r o t a t i o n a l  r a t e s  a r e  imparted t o  t h e  
vehicle  a f t e r  a t tenuator  s t roke  has reached 8 maximum. This d i d  not lead  
t o  appreciable e r r o r s  f o r  t h e  many cases s tudied ( see  discussion i n  
Section 5.7). Elimination of t h i s  assumption, requi r ing  computer. memory of 
deformed a t tenuator  geometry, i s  necessary t o  be a n a l y t i c a l l y  precise .  
Both i n f l a t a b l e  torus  programs employ a semi-empirical technique f o r  
pred ic t ing  t h e  foo tp r in t  area of t h e  deformed torus .  This procedure was 
based on s t a t i c  t e s t s  conducted on a small i n f l a t a b l e  to rus  model. Further 
t e s t i n g  and ana lys i s  could r e f i n e  t h i s  semi-empirical approach for t h e  
pred ic t ion  of fo0tprin.t  area,. 
Resul ts  from t h e  i n f l a t a b l e  t o r u s  model drop t e s t  program indica ted  
t h e r e  i s  i n t e r a c t i o n  between t h e  payload and t h e  to rus  mater ia l  during 
landing. 
improved predic t ion  of these  landing motions. 
Use of a mult iple  degree of freedom dynamic model would y i e l d  an 
A multi-mass/multi-spring 
model was i n i t i a l l y  inves t iga ted  i n  t h i s  study. However, it was not se lec ted  
because it could not be developed and-programmed within t h e  c o n s t r a i n t s  
defined fo r  t h i s  study. 
model chosen gave qu i t e  s a t i s f a c t o r y  r e s u l t s .  
As was demonstrwted i n  Section 6.7, t h e  dynamic 
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APPENDIX A 
A . l  INTRODUCTION 
This  program, which has been w r i t t e n  f o r  machine computation gn t h e  
CDC 6h00/6600 computer, provides t h e  c a p a b i l i t y  f o r  e i t h e r  e s t a b l i s h i n g  
crushable  t o r u s  conf igura t ions  meeting design c o n s t r a i n t s  o r  fo r  eva lua t ing  
e x i s t i n g  conf igura t ions .  Operation of t h i s  program requi res  i n i t i a l  se- 
l e c t i o n  of a payload, payload-attenuator overlap,  a t t enua to r  mater ia l ,  and 
des i r ed  f la t  and end ve loc i ty  capab i l i t y .  The configurat ion design po r t ion  
of t h i s  program then  determines t h e  requi red  a t t enua to r  dimensions pro- 
v id ing  t h e s e  v e l o c i t y  c a p a b i l i t i e s .  If it i s  des i r ed  t o  check t h e  ve loc i ty  
c a p a b i l i t y  f o r  any constant  a t t i t u d e  between f l a t  and end, t h e  omni- 
d i r e c t i o n a l  loads  po r t ion  of t h i s  program may be used with t h e  output 
geometry from the  conf igura t ion  design port ion.  This progrpn w a s  d ivided i n t o  
two p a r t s  t o  allow maximum f l e x i b i l i t y ,  s ince  it may not always be necessary 
t o  use t h e  omnidirect ional  loads  por t ion .  
The procedure used t o  determine t h e  load-stroke r e l a t i o n s h i p  i n  t h e  
omnidirect ional  loads po r t ion  of t h i s  program i s  a n a l y t i c a l l y  i d e n t i c a l  t o  
t h e  load-s t roke  subrout ine of  t h e  Crushable Torus Landing Loads and Motions 
Program. This  subrout ine,  which c a l c u l a t e s  normal crush force  as a funct ion 
of s t roke  and lander  a t t i t u d e ,  employs a l l  of  t h e  assumptions and der iva-  
t i o n s  found i n  t h i s  Appendix except that it i s  of  course not r e s t r i c t e d  t o  
cons tan t  a t t i t u d e  crushing. Addi t iona l ly  a va r i ab le  ramp e l a s t i c  s t roke  
recovery, s imula t ing  s t o r e d  e l a s t i c  energy producing rebound, has been 
added t o  t h e  subrout ine (See Appendix B).  
APPENDIX A 
Dimensional va r i ab le s  used t o  represent  t h e  payload and a t t enua to r  
a r e  shown i n  Figure A-1. The payload i s  composed of a cy l inder  with 
e l l i p t i c a l  shaped s ides .  
p r i n c i p a l  crushing a x i s  perpendicular  t o  t h e  payload surface.  
shape is  def ined oy e l l i p t i c a l ,  c i r c u l a r ,  and c y l i n d r i c a l  shaped surfaces .  
By appropr ia te  dimensional va r i a t ion ,  crushable  spheres can be inves t iga ted ,  
as w e l l  as various t o r u s  configurat ions.  
The a t t enua to r  i s  assumed t o  be o r i en ted  with i t s  
Attenuator 
Besides providing t h e  a b i l i t y  t o  vary payload shape, t h e  program allows 
v a r i a t i o n  of  t h e  following parameters : a t t enua to r  ma te r i a l  p roper t ies ;  
rock diameter; f r i c t i o n  c o e f f i c i e n t ;  des i red  f l a t  and end ve loc i ty  capa- 
b i l i t y ;  and i n c l i n a t i o n  of t h e  contact  angle  between t h e  p lane t  sur face  and 
t h e  veh ic l e  axes (constant  angle  throughout s t roke ) .  
minimized by paramet r ica l ly  varying input  payload shape, attenuator-payload 
overlap,  and/or a t t enua to r  ma te r i a l  u n t i l  t h e  a c t u a l  i n t e r n a l  crush force  
approaches t h e  allowable i n t e r n a l  crush force.  Attenuator  mater ia l  pro- 
Load f a c t o r  can be 
p e r t i e s  used i n  t h e  program a re :  radial, shear ,  and t r ansve r se  crush s t r e s s ;  
densi ty;  and at tenuator-payload bond shear  stress. An input  exponential  
f a c t o r  determines t h e  i n t e r a c t i o n  between shear  and r a d i a l  s t r e s s .  
Output data inc ludes :  requi red  a t t enua to r  dimensions; payload weight; 
landing system weight; and maximum load  f a c t o r  and v e l o c i t y  c a p a b i l i t y  f o r  
f l a t  landing,  end landing,  and landing a t  t h e  input  contac t  angle.  Data 
output  as a funct ion of s t roke  f o r  f l a t  landing,  end landing, and landing 
a t  t h e  input  contac t  angle  inc ludes :  f o o t p r i n t  area;  normal crushing force  
and f r i c t i o n  fo rce  f o r  t h e  input  c o e f f i c i e n t  of f r i c t i o n  (assumed a c t i n g  
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throughout s t roke ) ;  normal crushing force  f o r  zero c o e f f i c i e n t  of  f r i c t i o n ;  
and maximum allowable fo rce  paral le l  t o  the crush plane (with no normal 
force  ac t ing  on t h e  crush p lane) ,  
force  w i l l  c rush t h e  a t t enua to r  and a l a r g e r  volume of a t t enua to r  mater ia l  
i s  required.  Load f a c t o r  i s  genera l ly  a maximum when t h e r e  i s  no f r i c t i o n  
ac t ing ,  so tha t  both cases  must be inves t iga ted .  I n t e r n a l  a t t enua to r  
crushing (payload cannon b a l l i n g )  may be determined by comparing ca l cu la t ed  
With f r i c t i o n  ac t ing  a smaller normal 
values f o r  a c t u a l  i n t e r n a l  crushing fo rce  and allowable i n t e r n a l  crushing 
fo rce  (both f l a t  and end landings) .  
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A . 2  ANALYTICAL PROCEDURES 
The c y l i n d r i c a l  coordinate  system used i n  t h i s  program u t i l i z e s  X and Y 
axes which r o t a t e  wi th  t h e  i n t e g r a t i o n  angle 6 ( s e e  Figure A-2) .  
crush fo rce  a c t i n g  on t h e  crush plane i s  ca l cu la t ed  by double in tegra t ion ;  
of  DX and D 8  f o r  f la t  landings,  and of DY and DO f o r  end landings.  
comparison, t h e  coordinate  system (X,  Y,  2 )  used i n  t h e  Landing Loads and 
Motions Program i s  a l s o  shown. 
Normal 
For 
Symbols, u n i t s ,  recommended range, and d e f i n i t i o n  of requi red  input  
parameters a r e  given i n  Figures A-3 and A-4. 
i n  Figure A-5  and A-6. 
Output parameters a r e  def ined 
Format fo r  machine input  i s  discussed i n  Section A . 3 .  
Major assumptions employed i n  t h e  a n a l y t i c a l  model de r iva t ion  are: 
1. 
2. 
3. 
4. 
5 .  
6.  
7. 
8. 
9. 
Attenuator  o r i en ted  w i t h  p r i n c i p a l  crush a x i s  perpendicular  t o  t h e  
payload sur face  ( rad ia l  o r i e n t a t i o n ) .  
Stroke f o r  u l t ima te  velocity is equal t o  minimum of ava i l ab le  he ight  
minus s o l i d  he ight ,  o r  ava i l ab le  height  minus rock diameter. 
Energy absorbed is  equal  t o  a rea  under t h e  crush force  vs.  s t roke  
curve (no shock wave energy d i s s i p a t i o n ) .  
I n f i n i t e l y  r i g id  su r face  - no proturberances o r  depressions.  
Rigid body payload. 
No i n t e r n a l  crushing - although program p r i n t s  out  a check on t h i s .  
Crushed ma te r i a l  i s  loca ted  at su r face  contac t  plane.  
Elemental crush s t r e s s  i s  constant  with s t roke .  
Shear and r a d i a l  crush s t r e s s  a r e  combined by an input  exponent ia l  
i n t e r a c t  i o n  equation. 
9s 
Figure  A-2 
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CRUSHABLE TORUS STRUCTURAL RESIGN PROGRAM 
INPUT PARAMETERS - PART A 
SYMBOL 
A,B,G 
RHOP 
C,D 
RHOL 
XKW 
RDlA 
VE 
VF 
E l , F l  
E2, F2 
E3, F3 
RNORM 
RSHR 
STREF 
RSHCR 
AMU 
POW 
HND 
UNITS 
Inches 
Lb/Ft3 
Lb/Ft3 
Ft-L b/L b 
Inches 
Ft/Sec 
Ft/Sec 
Inches 
Inches 
P s i/P s i 
P s i / P s i  
InAn.  
P s i / P s i  
- 
- 
- 
!E COMM END ED 
RANGE 
- 
40 -> 80 
- 
See Figure A-0 
See Figure A--E 
0 + 5  
- 
- 
- 
0 + 1.0 
0 --t 0.7 
0.5 4 0.8 
0.1 + 0.7 
0.0 + 1.0 
1 + 3  
1 
0 
DEFINITION 
Pay load Dimensions - See F igure  A-1 
Pay load D e n s i t y  
At tenuator  Over lap - See F igure  A-1 
Attenuator  D e n s i t y  
At tenuator  Spec i f i c  Energy 
Rock Diameter 
Des i red  Edge V e l o c i t y  
Des i red  F l a t  V e l o c i t y  
Assumed At tenuator  Dimensions for In te rpo la t ion  
(Program Automat ica l l y  Determines These i f  No 
Values are Entered) 
R a t i o  of At tenuator  Transverse to Rad ia l  Crush Stress 
R a t i o  o f  Pay load Bond Shear to R a d i a l  Crush Stress 
o f  At tenuator  
Stroke E f f i c i e n c y  ( A v a i l a b l e  Stroke D i v i d e d  b y  
Uncrushed He igh t )  
Rat io  o f  At tenuator  Maximum A l l o w a b l e  Shear Stress 
t o  Rad ia l  Crush Stress 
C o e f f i c i e n t  of F r i c t i o n  (Constant  Throughout Stroke) 
Exponent Used  i n  In te rac t ion  Formula 
FONTT POW FOFTT POW 
( 
FONTTM 
If Eva lua t ion  Given D e s i g n  E l ,  F1 
I f  E s t a b l i s h i n g  New Des ign  
1 +(-- ) = 1.0 
FOFTTM 
Figure A-3  
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CRUSHABLE TORUS STRUCTURAL DESIGN PROGRAM (OMNIDIRECTIONAL LOADS) 
INPUT PARAMETERS - PARS I3 
SYMBOL 
AIBIG 
WT 
- 
RHOL 
XKW 
B E T  
RDlA 
DX 
DTHE 
RNORM 
C N  
RSHCR 
STREF 
AMU 
POW 
UNITS 
Inches 
Pounds 
Inches 
Lb/Ft3 
F t- L b/L b 
Radians 
Inches 
Inches 
Radians 
Psi/Psi 
- 
Psi/Psi 
In/In. 
- 
- 
iECOMMENDE 
RANGE 
- 
- 
- 
,eeFigure A -  
;ee Figure A- 
0 + i- 1.57 
0 4 5  
0.05.A + 
0.02.A 
0.005 + 0.01 
0 + 1.0 
5-t 20 
0.1 + 0.7 
0.2 -3 0.5 
0- t  1.0 
1 + 3  
D E F l  Nl T lON 
"ayload Dimensions - See Figure A-1 
Total Weight of Payload and Landing System (From Part A )  
4ttenuator Dimensions - See Figure A-1 (E & F From 
'art A )  
Attenuator Density 
Attenmtor Specific Energy 
Angle Between Crush Plane and X Axis  (Constant 
Throughout Stroke) See Figure 2 
Rock Diameter 
Incrernental X 
Incremental Angle THE (Plan View) 
Rat io of Attenuator Transverse to Radial Crush Stress 
Number of Steps Desired in Increment ing Stroke 
Rat io of Attenuator Maximum Allowable Shear Stress to 
Radial  Crush Stress 
Stroke Eff ic iency (Ratio o f  Attenuator Stroke Al lowable to  
Precrushed Height) 
Coeff ic ient  of Fr ic t ion (Constant Throughout Stroke) 
Exponent Used In Interaction Formula 
F O N T T  POW F O F T T  POW 
1 
( FONTTM 
.' ( ) = 1.0 
FOFTTM 
Figure A - 4  
SYMBOL 
E, F 
WP 
WL 
WT 
FLOADF 
ELOADF 
V E L  E 
VEL F 
SC R 
XMT 
FIQ 
F I F O  
WL 1,2,3 
V l E ,  V2E 
V3E 
V l F ,  V2F, 
V3F 
V4E, V4F 
E4, F 4  
FCR 
ECR 
FINCR 
EINCR 
S 
T 
FONTT 
FOF TT 
FONTTM 
F O F T T M  
AREA 
F F L O D F  
EELODF 
V E L N E  
V E L N F  
APPENDIX A 
CRUSHABLE TORUS STRUCTURAL DESIGN PROGRAM 
OUTPUT PARAMETERS - PART A 
UNITS 
Inches 
Pounds 
Pounds 
Pounds 
Earth g's 
Earth g's 
Ft/Sec 
Ft/Sec 
Inches 
Inches 
Pounds 
Pounds 
Pounds 
Ft/Sec 
Ft/Sec 
Ft/Sec 
I nc he s 
Pounds 
Pounds 
Pounds 
Pounds 
Inches 
Inches 
Pounds 
Pounds 
Pounds 
Pounds 
2 In 
Earth g's 
Earth g ' s  
Ft/Sec 
Ft/Sec 
DE FINITION 
Attenuator Dimensions - See Figure A-1 
Weight of Payload 
Weight of Landing System 
Total  Weight (Landing System and Payload) 
Maximum Load Factor for F l a t  Landings 
Maxinium Load Fuctor for End Landings 
Actual Veloci ty Capabil ity, End Landing 
Actual  Veloci ty Capabil ity, F l a t  Landing 
Stroke a t  Which FLOADF Occurs 
Stroke a t  Which ELOADF Occurs 
Force a t  End o f  Stroke (End Landing) 
Force at End of Stroke (F lat  Landing) 
Weight of Landing System for Dimension E l ,  F1; E2, F2; E3, F 3  
Veloci ty Capabi l i ty  (End) for Dimension E l ,  F1; E2, F2; E3, F 3  
Veloci ty capabi l i ty  (Flat)  for Dimension E l ,  F1; E2, F2; E3, F 3  
Veloci ty Capabi l i ty  (End F lat )  for Dimensions E4, F 4  
Curve Fit  Attenuator Dimensions Used for Final Iteration 
Internal Crush Force Acting (Maximum Flat )  
Internal Crush Force Acting (Maximum End) 
Al lowable Internal Crush Force (Flat)  
Al lowable Internal Crush Force (End) 
Flat Stroke 
End Stroke 
Crush Force Normal to Crush Plane w i th  Friction Act ing 
Fr ic t ion Force Act ing wi th  FONTT and Equal to AMU Times FONTT 
Crush Force Normal to Crush Plane wi th  AMU = 0.0 
Maximum Allowable Shear Force w i th  Normal Force = 0.0 
Footprint Area 
Maximum Load Factor (Flat)  wi th AMU = 0 and Veloci ty VF 
Maximum i o a d  Factor (End) w i th  AMU = 0 and Veloci ty VE 
Veloci ty Capabi l i ty  (End) at  Stroke T with AMU = 0 
Veloci ty Capabi l i ty  (Flat)  a t  Stroke S w i t h  AMU = 0 
Figure A-5 
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I CRUSHABLE TORUS STRUCTURAL DESIGN PROGRAM (OMNIDIRECTIONAL. LOADS) 
OUTPUT PARAMETERS - PART B 
SYMBOL 
U 
CLEAR 
A L C L  
V E L B T  
STTM 
FONTT 
TOR T T  
ARTSU 
ARMOM 
FOF T T  
FONTTM 
TOR TNM 
FOFTTM 
TOR T FM 
-_ UNITS 
Inch-Pounds 
Inches 
Inches 
F t. 'Sec 
Inches 
Pounds 
I nc h- Pound s 
2 In 
In 3 
Pounds 
Pounds 
Inch Pounds 
Pounds 
Inch Pounds 
DEFINITION 
Total Energy Ahsor bed in Crushing 
Clearance Between Payload and Crush Plane 
Allowable Clearance Between Payload and Crush Plane A l low ing  
11.8% Stroke Margin for Ul t imate Veloci ty Capabil ity 
Veloci ty Capabi l i ty  a t  Angle B E T  
Maximum Stroke 
Crush Force Normal to Crush Plane Act ing wi th  F O F T T  
Total  Torque Due to FONTT and F O F T T  About Torus Center 
Footprint Areo 
ARTSU Times Y Distance to Centroid 
Fr ic t ion Force Act ing With FONTT 
Crush Force Normal to Crush Plane (With AMU - 0) 
Torque Due to FONTTM About Torus Center 
Moximum Allowable Shear Force with Normal Force 
Torque Due to FOFTTM About Torus Center 
0 
Figure A-6 
10. 
1-1. 
12. 
APF'EXDICX A 
Transverse crush stress i s  expressed as an input  r a t i o  t o  r a d i a l  
crush s t r e s s .  
Attenuator  cover does not cont r ibu te  t o  crush force  or  allowable 
force  p a r a l l e l  t o  t h e  crush plane. 
F r i c t i o n a l  force  equal t o  input  c o e f f i c i e n t  of f r i c t i o n  t imes 
normal force  a c t s  throughout s t roke.  
The elemental  a n a l y t i c a l  model used t o  determine crushing force  a c t i n g  
normal t o  t h e  crush plane i s  shown i n  Figure 11-7. Numerical i n t e g r a t i o n  of 
t h e  fo rce  a c t i n g  on incremental  a reas  (DX x De) i s  then  performed between 
i n t e g r a t i o n  l i m i t s  determined i n  t h e  program. F l a t  and end landings are 
p a r t i c u l a r  cases  of  t h e  genera l  omnidirect ional  landing  a t t i t u d e  shown i n  
Figure A-7. 
crush fo rce  versus s t roke  curve. Allowable c learance  f o r  u l t ima te  ve loc i ty  
c a p a b i l i t y  i s  ca l cu la t ed  i n  both programs as t h e  inaximum of e i t h e r  t h e  rock 
diameter (RDIA) o r  t h e  a v a i l a b l e  s t roke  t imes (l-STREF), where STmF i s  t h e  
r a t i o  of t h e  allowable s t roke  t o  t h e  o r i g i n a l  he ight  as determined from 
elemental  tests.  The allowable clearance i s  then  increased t o  provide a 
25% margin on design k i n e t i c  energy. 
Energy absorbed is determined by numerical i n t e g r a t i o n  of t h e  
> 
Typica l  a t t e n u a t o r  ma te r i a l  p rope r t i e s  needed for  input  t o  both pro- 
grams a r e  shown i n  Figure A-8.  These values  a r e  intended simply as a guide 
and values  used i n  any s p e c i f i c  app l i ca t ion  should r e f l e c t  t h e  a c t u a l  mate- 
r i a l  used. 
energy has  been reduced by 14% i n  Figure A - 8  t o  account for  t h e  a t t enua to r  
cover and adhesive.  
Attenuator  dens i ty  (RHOL) has  been Increased by l7$ and s p e c i f i c  
101 
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1.02 
ATTENUATOR 
MATER I AL  
Maraging Steel Honeycomb 
5 Lb/Ft3 
20 Lb/Ft3 
5052 Aluminum Honeycomb 
2 Lb/Ft3 
15 Lb/Ft3 
3003 Aluminum Honeycomb 
2 Lb/Ft3 
15 Lb/Ft3 
2.3 Lb/Ft3 
Trussgrid (Aluminum) 
5 Lb/Ft3 
7 Lb/Ft3 
3. Lb/Ft3 
Fiberglass (Phenol ic )  
Honeycomb 
7.5 Lb/Ft3 
11 Lb /F t3  
Balsa (Parallel To Groin) 
6 Lb/Ft3 
16 Lb/Ft3 
6 Lb/Ft3 
Perpendicular To Grain 
Styrofoam 
1.8 Lb/Ft3 . 
4.5 Lb/Ft '  
Thermosetting Foams 
Lock Foam 2.44 Lb /F t3  
Epoxy Foam 4.0 Lb /F t3  
Ecco Foam 10.0 Lb /F t3  
APPENDIX A 
TYPICAL ATTENUATOR PROPERTIES 
)ENSITY 
RHOL 
LB/FT3 
5.85 
23.40 
2.34 
17.56 
5.34 
17.56 
2.69 
5.85 
8.20 
3.51 
8.77 
12.87 
7.0 1 
18.70 
7.0 1 
2.10 
5.26 
2.85 
4.68 
11.70 
SP ECI F IC 
RATIO 
RNORM 
SHEAR STRESS 
RATIO 
RSHCR 
F T - L B / L B  I I N A N .  I PSI /  PSI I PSVPSI 
2720 0.90 0.0 1 .o 
9650 0.80 0.0 0.6 
87 70 0.70 0.0 0.7 
3470 0.80 
4600 0.80 
1720 0.80 
1 .o 
1.0 
1.0 
0.9 
0.9 
0.9 
7650 0.78 0.0 0.6 
0.2 
0.2 
2.0 
1.0 
0.8 
1.0 
0.8 
0.6 
Figure A-8 
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Radial  crush s t r e s s  (sigma) a c t i n g  on each element i s  determined i n  
t h e  program from t h e  equation: 
i n 2  
Sigma = XKW x RHOL/(STREF x 1 4 4 . ~ )  
Tangent ia l  crush s t r e s s  a c t i n g  with r a d i a l  crush s t r e s s  i s  found by multi-  
p ly ing  sigma by RNORM, where RNORM may be any value between 0.0 and 1.0, 
Maximum allowable shear  s t r e s s  i s  found by mult iplying sigma by RSHCR, 
where RSHCR must be g r e a t e r  than  0.0. 
crush fo rce  i s  determined i n  t h e  program by t h e  equation: 
I n t e r a c t i o n  between shear  and radial 
FONIT = Crush fo rce  normal t o  crush plane with f r i c t i o n  ac t ing  
FOFlT Force p a r a l l e l  t o  crush plane equal  t o  FONTT t imes AMU 
FOWrrM = Crush fo rce  normal t o  crush plane with no f r i c t i o n  ac t ing  
FOFMm = Maximum allowable shear  force  p a r a l l e l  t o  crush plane 
AMU = Surface c o e f f i c i e n t  of  f r i c t i o n  
Pckl = Exponential  power descr ib ing  i n t e r a c t i o n  p rope r t i e s  of spe- 
= 
c i f i c  a t t enua to r  ma te r i a l  when used i n  above equation. 
Both programs assume t h a t  t h e  f r i c t i o n  force ,  equal  t o  AMU t imes FOIVI!T, 
acts throughout t h e  s t roke .  
The a n a l y t i c a l  model f o r  i n t e r n a l  crushing during f l a t  landing i s  
shown i n  Figure A-9. Actual and allowable i n t e r n a l  c rush  forces  a r e  de- 
termined t o  a s c e r t a i n  whether o r  not i n t e r n a l  crushing occurs.  Accelerat ion 
i s  minimized when a c t u a l  i n t e r n a l  crush fo rce  approaches t h e  allowable in-  
t e r n a l  crush force .  End landing  employs a similar a n a l y t i c a l  model. RSHFAR 
I04 
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INTERNAL CRUSH ANALYTICAL MODEL 
Allowable Internal Crush Force 
FALLOW= F R  + Fs + F T  
Radial Crush 
FR = C J R ( ~ A G  + A2 t 2GC - c2) 
Shear 
71 Fs = 7 f S ( 4 B G  + n 'AB) 
Tangential Crush 
2 F T  = n OT[(F + D - C + G )  - (G + AI2] 
Force Acting to Cause Internal Crushing: 
1 
FACTUAL = FLOAD F * (WP + WL) 
To Prevent Internal Crushing: 
FALLOW 2. FACTUAL 
1.05 
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i s  used i n  t h e  s t r u c t u r a l  design program t o  determine t h e  shear  s t r eng th  of 
the  payload t o  a t t e n u a t o r  bond. The allowable shear  s t r e s s  i s  equal t o  
RSHEAIi t imes sigma. The value en tered  f o r  RSHEAR should r e f l e c t  t h e  lower 
of  e i t h e r  t h e  adhesive bond shear  s t r eng th  o r  t h e  a t t enua to r  shear  s t rength .  
Determination of t h e  45' a t t i t u d e  (angle  RET) ve loc i ty  c a p a b i l i t y  f o r  
t o r u s  designs employing a very f l a t  payload (G/B > 3 ) ,  using t h e  otnnidirec- 
t i o n a l  loads  p o r t i o n  of t h i s  program, r e s u l t s  i n  ca l cu la t ed  values which a r e  
t o o  low. This  i s  because t h e  program assumes a constant  a t t i t u d e  throughout 
s t roking.  
lander  cen t ro id  and causes r o t a t i o n  of t h e  l ande r  towards a f la t  a t t i t u d e .  
I n  t h e  actual. case , the  normal crush force  does not a c t  through t h e  
This  r o t a t i o n  causes t h e  foo tp r in t  a r e a  and normal crush force  t o  increase,  
thereby d i s s i p a t i n g  g r e a t e r  k i n e t i c  energy. For t h e  base l ine  lander  
(G/B = 3.9), presented  i n  Sect ion 4.4, a v e l o c i t y  c a p a b i l i t y  of 86% of t h e  
design ve loc i ty  (85 fps) was ca lcu la t ed  by t h e  program for  a 4 5 O  a t t i t u d e .  
The base l ine  l ande r  was shown t o  be capable of landing successfu l ly  a t  a 
v e r t i c a l  ve loc i ty  of 85 fps with an i n i t i a l  a t t i t u d e  of 45' by .exerc is ing  
t h e  Crushable Torus Landing Loads and Motions Program. 
parameter G/B approaches zero  (sphere) ,  t h e  omnidirect ional  loads por t ion  
gives  r e s u l t s  which are more near ly  co r rec t  because t h e  assumption of no 
r o t a t i o n  becomes more representa t ive .  
A s  t h e  payload shape 
106 
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A. 3 PROGRAM OPERATION 
Input format f o r  t h e  conf igura t ion  design po r t ion  of th i s  program i s  
shown i n  Figure A-10. Data may be loca ted  anywhere wi th in  t h e  e igh t  spaces 
ind ica t ed  f o r  each parameter. Dimensions E l ,  FI; E2, E; and E3, F3 may be 
any reasonable es t imate  of requi red  a t t enua to r  dimensions. The program 
i n t e r p o l a t e s  fo r  f i n a l  geometry based on so lu t ions  f o r  t h e s e  values.  If a 
0.0 value i s  en tered  f o r  E2 t h e  program w i l l  i n t e r n a l l y  choose appropriate  
values f o r  E l ,  F1; E2, F2; and E3, F3 for  in t e rpo la t ion .  Input da t a  cards  
a r e  placed behind t h e  program as shown i n  Sect ion A.4. 
conf igura t ion  i s  t o  be evaluated without exerc is ing  t h e  i n t e r p o l a t i o n  
I f  a s p e c i f i c  lander  
rout ine ,  an i n t e g e r  value of 1 i s  entered f o r  HND and t h e  des i red  geometry 
en tered  i n  E l ,  F1. Input format f o r  t h e  omnidirect ional  loads por t ion  of 
t h i s  program i s  shown i n  Figure A-11, and t h e  r e l a t i v e  p o s i t i o n  of t h e  input  
d a t a  cards  i n  t h e  program i s  shown i n  Sect ion A.4.. 
Operation of t h e  omnidirect ional  loads po r t ion  of t h i s  program requi res  
c e r t a i n  inputs  (dimensions E, F, and t o t a l  weight WT) which are outputs  of 
t h e  cOnfiWratiOn design Por t ion  Of PrOgT%m. Angle of crush (BET) may be any 
value between 0.0 and i-l. 57 radians,  with t h e  s p e c i f i e d  value being maintained 
cons tan t  throughout s t roke ,  
i n t o  dimension A an i n t e g e r  number of t imes,  with a value of DX equal t o  .02 
or .O5 t imes dimension A being recommended. Smaller values of DX w i l l  re-  
qu i re  longer  machine t imes.  DTIIE a l s o  a f f e c t s  running t ime, and a range of 
values  from ,005 rad ians  t o  .Ol5 rad ians  i s  suggested. The input  va r i ab le  
The value en tered  f o r  DX should be d i v i s i b l e  
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I ?  1 4  SI6 1 I J I 
1 I 
I 
2 2 2 2 112 2 2 2 2 
I 
3 3 3  3 1 3 3 3 3 3 3  
I 1 1 1  I I I 
4 4 4 4 414 4 4 4 
I 2 I 4 S I C  I 3 I 'D 
5 5 5 5 515 5 5 5 5 
6 6 6 6 616 6 6 6 
I 
7 7 7 7 717 7 7 7 
1 1 8 1  8 i 8 8 8 8 8 8  
9 9 9 9 91 9 9 9 9 
t I 2 1 4 5 1 6  1 I 9 
CRUSHABLE TORUS STRUCTURAL DESIGN PROGRAM 
EXAMPLE INPUT DATA PART A 
I1 81 Ill: 1S1#6 I1 IIIli Y l 2 l ? l l 4 Z ~ ~ ? 6 l ~ ~ ~ ~ ¶ ~ ~ l ~ l l ~ l ~ ~ l ~ l L l l l I l 9 ~ O ~ l I l ~ ~ ~ ~ ~ ~ ~ € ~ l l ~ ~ ~ ~  S l S Z I l ~ l S ~ 5 6 I l I b S ~ F  1 1 6 ~ 6 1 6 ( 6 1 1 6 6 6 1 L B 6 1 G : !  1 ! 1 1 1 4 1 ~ ~ 1 6 1 1 1 1 1 ~ I D  
PI 1 1 1 1 1  I I 1  I" I I 1  1 1 1  1 I I I I 1  1 I 1 ] 1  I I 1  1 I I I 1 1 1 1  1 1  1 ; I  1 I 1 1 1  1 I I ; I  I I 1  ( I  I I 1  1 1  1 1  I I )  1 1  1 I 
4 4  4 4 4 414 4 4 4 4 4 4 I 4  4 : 4 4  4 4 4  4 4 4 4 4 i 4  4 4  4 4 4 4 1 1 4  414 4 4 4 4 4 4 4 4 414 4 4 4 4 4  4 4 4 4 ' 4  4 4 4 4 4 4 4 1 4 4  4 4 4 4 
7 7 7 7 7 7 7 7 7 ,7  7 7 7 7 1 7  7 7 l i 7  7 7 7 7 7 7 7 7 711 7 7 5 1 1  7 7 7 I j l 1 7  7 7 1 7  7 7 7 j l I  7 7 7 
8 8 8 8 8 8 j  8 8 8 1 8 8 8  8 ~ 8 8 8 8 8  8 8 1 d 8 8 8 8 8  8 8 8 8 1 8  8 8 8 a 8 8 1 8 i 8 8 8 8 8  
9 9 9 9 9 9 919 9 9 9 9 9  9 9 9 919 9 9 9 9 9 9 9 9 9:s 9 9 9 9 9 9 9 9 9j99 9 9 9 9 9 9 9 919 q 9 9 9 
I I I I 
2 2 2 2 212 2 1 2  2 2 2 2 2 2(2 2 2 2 2 2 2 2 2 212 2 2 2 2 2 2 2 2 212 2 2 2  5 2 2 2 2 212 I $ 2 2  2 2 222122 2 2 2 i 2 2 2 2i2 2 2 2 2 
3 3 3 1 3 3 3 3  3 3 3 3 3 1 3 3 3  3 3 3 3 3 3 1  3 3 3 5 3 3 3  1 1 3 3 3 3 3  3 3 3 3 1 3 3 3 3 3  1 3 3 3 )  3 3 3 3 3 3 3 4 3 3 3 3 3  
II -2  I 1  $1 Id16 I 7  I8 '9 10 II 21 11 ;l l ( z 6  : I  18 29 IO 11 11 11 11 Ill16 11 :I I9 10 11 1; 41 4'  41 II 1110 SI I1 SI S I  %$ I1 58 5910 61 62 61 b l  5 2 6 6  C i  68 CP 10 *I I? 11 11 ,416 .: I S  '9 L9 
i - 5  5 5 515 5 5 5 5  5 5 5 5 515 5 5 5 5 5 5 5 5 515 5 5 5 5 5 5 5 15 5 5  5 5 5 5 5 5 515 5 5 5 5 5 5 5 5 5! 5 5 5 5 5 5 5 5 515 5 5 5 5 6 6  6 I fil6 6 6 6 6 6 6 6 6616  6 6 6 6 6 6 6 6i6 6 6 6 6 6 6 6 6 6 j 6  6 6 6 6 6 6 6 6 116 6 6 6 6 6 6 6 6 6!6 6 6 6 6 6 6 6 6 616 6 6 6 6 
MCDONNELL CIUTOR4AT)ON COMPANIY I 
1 1  7 7  7 717 7 1 1  
-- HAC a07511 I R E ~  2 ~ c r .  c ~ i  ~ ..--- ..~ - -  I n  ~ . . - -  . . . . 8 1 8 / 8 8 8 8  9 9 9 9 9'9 9 9 9 1411 I: '1 14 I1 :I t i  Jq2l :111?1 :SI 3 ~ Q l l l ?  1 1 1 0 ~ 1 1 1 1 1 1 1 ¶ 4  ~ 1 4 l l 1 1 1 l ~ ~ ~ I l I l l 3 ~ Q ~ I S 1 S 1 I l I I ~ 1 6 1 ! 5 b 5 9 6 Q 6 l 6 l 6 l 6 l 6 S ~ ~ t ~ l 6 i 6 P  '6 I1 1 ~ 1 ~ 1 4 7 ~ 1 ~ ~ ~  IOi9ll m-L 8':eO-nl b 
Figure A-10 
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Figure A-11 
APPENDIX A 
CN determines t h e  number of s t eps  i n t o  which t h e  s t roke  w i l l  be incremented. 
A range of' 5 t o  20 i s  suggested f o r  CN. 
Sample output data f o r  both a r e  shown i n  Figures A-12 and A-13. Refer 
t o  Figures A-5 and A-6 or comment cards  i n  t h e  program f o r  nomenclature and 
u n i t s  of output 
Program terminat ion for  t h e  conf igura t ion  design po r t ion  i s  automatic 
when a t t enua to r  dimensions E and F have been e s t ab l i shed  for t h e  des i red  
c a p a b i l i t i e s  and a l l  necessary output d a t a  ca lcu la ted .  The ornnidlrectional 
loads po r t ion  then  i s  used t o  determine ve loc i ty  c a p a b i l i t y  for  constant 
input  a t t i t u d e  (angle  BET) ,  
processor and 5 seconds pe r iphe ra l  processor  f o r  t h e  oninidirectional loads 
por t ion ,  and 200 seconds c e n t r a l  processor  and 5 seconds pe r iphe ra l  processor 
f o r  t h e  conf igura t ion  design por t ion .  Core s i z e  required i s  50K ( o c t a l )  
for compilation of  both t h e  conf igura t ion  design and t h e  omnidirect ional  
loads  por t ions  of t h i s  program. 
Typical  machine t imes a r e  50 seconds c e n t r a l  
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CRUSFUIBLE: TORUS S T R E T W  DBSIGN PRGRAM 
Elxample Output D a b  - Paxt A 
(Continued) 
+ D * ~ N Q D ~ Q ~ o N ~ . ~ L ~ . ~ ~ N  - - N  N m m  PI m m Q Q Q c t- m m .................... Z m n C N Q C m D I ? t C N Q O * C N Q O I  
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Figure A-12 (continued) 
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CRUSHABIZ TORUS S'ITIUCTURN; DESIGN PROGRAM 
( O ~ T D ~ C T I O W  LOADS) 
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A. 4 PROSRAIJI DESCRIPTION 
The flow cha r t  shown i n  Figure A-3.4 shows major events i n  t h e  configura- 
t i o n  design program. Comment cards  i n  t h e  program add i t iona l ly  a i d  i n  
i den t i fy ing  key po r t ions  of t h e  program. 
flow cha r t  f o r  t h e  omnidirect ional  loads program. 
S imi la r ly ,  Figure A-15  shows t h e  
The l i s t i n g s  f o r  t h e  conf igura t ion  design and omnidirect ional  loads 
por t ions  of t h e  Crushable Torus S t r u c t u r a l  Design Program are presented i n  
Sect ions A. 1 t . l  and A. 4.2 respec t ive ly .  
1.1 4 
APPENDIX A 
CRUSHABLE TORUS STRUCTURAL DESIGN PROGRAM 
FLOW CHART 
Start 0 
PART A 
SYMBOLS 
DD E 
DDF 
DFN 
DX 
DS 
DO 
DU 
E l ,  2, 3 
F1, 2, 3 
FIFO 
FIQ 
FP 
FO 
FONT 
S 
SMA X 
U 
V 
VE 
VEL E 
VF 
VEL F 
WT 
X 
XMAX 
0 'MIN 
'MA x 
F i n a l  A d j u s t m e n t  to D i m e n s i o n  E to  O b t a i n  D e s i r e d  V e l o c i t y  VF 
F i n a l  Ad ius  tment to  D i m e n s i o n  F l o  O b t a i n  V e l o c i t y  VE 
Inc remen ta l  F o r c e  Normal  to C r u s h  P l a n e  o n  DO by DX A r e a  
Inc remen ta l  X 
Inc remen ta l  Stroke 
Inc remen ta I  A n g l e  0 
I nc remen ta l  E n e r g y  A s s o c i a t e d  w i t h  DS 
I n i t i a l  E s t i m a t e s  for  D i m e n s i o n  E fo r  I n t e r p o l a t i o n  
I n i t i a l  E s t i m a t e s  for D i m e n s i o n  F fo r  I n t e r p o l a t i o n  
F o r c e  a t  the End o f  the F l a t  L o n d i n g  Stroke 
F o r c e  a t  t h e  E n d  o f  the End L a n d i n g  Stroke 
F o r c e  a t  P r e c e e d i n g  Stroke N o r m a l  to C r u s h  P l a n e  
F o r c e  Normal  to  C r u s h  P l a n e  a t  G i v e n  Stroke o n  DO St r i p  
T o t a l  F o r c e  Normol  t o  C r u s h  P l a n e  
Stroke 
Max imum Stroke A l l o w a b l e  
E n e r g y  Under  L o a d  Stroke C u r v e  
Ve I o c i  t y  Capo b i  I i ty 
D e s i r e d  V e l o c i t y  C a p a b i l i t y  (End L a n d i n g )  
A c t u a l  V e l o c i t y  C a p a b i l i t y  (End L a n d i n g )  
D e s i r e d  V e l o c i t y  C a p a b i l i t y  ( F l a t  L a n d i n g )  
A c t u a l  V e l o c i t y  C a p a b i l i t y  ( F l a t  L a n d i n g )  
T o t a l  Weight 
D i m e n s i o n  F r o m  Y A x i s  L o c a t i n g  R a y  o n  E l l i p t i c a l  P a y l o a d  
I n t e g r a t i o n  L i m i t  for D i m e n s i o n  X (Outer)  
Inner  I n t e g r a t i o n  L i m i t  fo r  D i m e n s i o n  X 
R o t a t i o n a l  A n g l e  THE ( P l o n  V i e w )  
I n t e g r a t i o n  L i m i t  o n  A n g l e  (1 
Fipuro A-11, 
APPENDIX A 
(OMNIDIRECTIONAL LOADS) 
FLOW CHART 
CRUSHABLE TORUS STRUCTURAL DESIGN PROGRAM 
SYMBOLS 
ALCL 
CLEAR 
DFN 
DS 
DX 
Df' 
FONT 
FONTT 
FO 1 
F02 
ST TM 
STTH 
TORTN 
X 
X I  
XlEC 
XllC 
XOL 
YCI 
YO1 
YOlC 
U 
VELDT 
/ I  
li 
Allowable Clearance 
ClearaRce Between Payload and Crush Plane 
Incremental Force Normal to Crush Plane on D'j by DX Area 
Incremental Stroke 
Incremental X 
Incremental Angle 0 
Total Force an DO Strip Normal to Crush Plane Resolved to ( I  
Total Force Normal to Crush Plane 
Normal Force on Dfl Strip (Build Up of DFN) 
Normal Force 011 DIJ Strip Inboard of Y Axis 
Moximum Stroke at ( I  0 
Stroke at Angle 0 
Total Torque at Torus c.g. 
Dimension from Y Axis Locating Ray on Ell iptical Payload 
X Dimension to Intersection of Crush Plane and Ray from Poyload 
X Dimension to Inbaord Intersection of Crush Plane and Attenuator El l ipse 
X Dimension to Intersection of Crus11 P h e  and Attenuator Circular Segment D 
X Dimension to Outboard Intersection 01 Attenuator Ell ipse and Crush Plone 
Y Dimension to Intersection of Crush Plane and Vertical L ine Y 
Y Dimension lo liitersection of  Crush Plane and X Axis 
Y Dimension Associated with XllC 
Energy Under Load-Stroke Curve 
Velocity Capability lor Crushing at Cowlant Angle B E T  
Rotational Angle THE (Plan Vicw) 
Angle PSI of Crush Plane With Horizontal at Angle / I  
0 
C 
F ~ / W Y D  A-15 
A.4.1 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
i 
c 
C 
c 
c 
kPPr;NI)IX a 
CONFIGURATION DESIGN mocw LISTING 
PROGRAM DORR ( INPUJTtOUTPUT,TAPE5=INPUTtTAP~6=OUTPUTl  D3R 10  
PROGRAM CALCULATES ATTENUATOR DII4EI' ISIONS FOR DESIRED,  V E L O C I T Y  D3R 2 0  
C A P A b I L I T Y  (ElJGE AND F L A T  D I R E C T I O N S )  OF G I V E N  PAYLOAD D3K 3 0  
I N P U T  PARAMETERS D3R 40 
A t B v G  
KHOP 
RHOL 
XKW 
R D I A  
VE 
VF  
F 1  , E l  
F2 t E 2  
F3 t E 3  
RNORM 
RSHR 
S T 2 E F  
KShCR 
A W  
POW 
HND 
C,D . 
OUTPUT DATA 
E4 t F 4  
E t F  
w P 
kiL 
VT 
FLOADF 
ELOADF 
FCR 
F 1 NCR 
LCK 
E I NCR 
F F L O D F  
EELUDF 
V i L t  
V t L F  
SCR 
XClT 
F I O  
F I F O  
V l E t V l F  
V 2 E  t V 2 F  
V 3 E t V 3 F  
V 4 E  t V 4 F  
WL 1 
WL2 
WL3 
S 
PAYLOAD L j I M E N S l O N S  I N  INCHES D3R 50 
PAYLOAD D E N S I T Y  I N  P G U h d S / C U b I C  FOOT D3R 60 
ATTENUATOR O V t R L A P  DICIEi4SIGNS D3R 70  
ATTLNUATOR D E h S l T Y  IN POUNDS/CUBIC FGOT U3R 80  
ATTENUATOK S P E C I F I C  ENERGY I N  FOUT-POUNDS/PUUND D3R 90 
ROCK DIAMETER I N  INCHES D3R 100 
D E S I R E D  EDGE V E L O C I T Y  C A P A B I L I T Y  I N  FEET/SECOND D3K 110 
D E S I R E D  F L A T  V E L O C I T Y  C A P A B I L I T Y  I N  FEkT /SECOND D3R 1 2 0  
ATTENUATOR D I M E N S I O N S  ASSUMED (FOR CURVE F I T 1  I h C H E S D j R  130  
ATTENUATOR D I M t N S l O N S  ASSUMED (FOR CUfiVC F I T )  I N C H E S D j R  i 4 0  
ATTENUATOR i i I C i E N S I O h S  ASSUWtL, ( F O R  CURVE F I T )  IhCHESL)3II i50 
R A T I O  OF NORMAL TO R A D I A L  CRUaH S T R t S b  D3R 1 6 0  
R A T I O  OF PAYLOAD bOND bHEAk Ti, R A D I A L  Ci lUSH STRESS D j R  170 
S T K O K t  E F F I C l t r u C Y  ( S T R u L E / I N I T I A L  n E I G n T )  0317 l a 0  
R M T l O  OF ATTENVATUK S t i c A R  itLLOv;AoLL T L  R A O I A L  C R U W  U3K 1 9 0  
STRESS D3K 191 
COtFF IC IE i ' i T  OF F K I C T l O h  D3R 200 
EXPOrUENT USED I N  1 NTkRACT I Oiu OF ATT EiVVHTUR SHEAR D3R i 10 
AND A X I A L  STRESS D3R 2 1 1  
I N U I C A T O R  l . I F  E V A L U A T l h C i  C l I V t N  utSI6N E 1 , F l  0 3 R  2 2 0  
0 I F  E S T A B L I S H I N G  N t r i  LIESIGN D3K 2 3 0  
D j R  240  
CURVE F I T  ATTEiqVATOk Dl i i lE i \ lS lu i . tS I I V I T I A L  S O L c r T I t i i i  DSR L S O  
( I N C H t S l  D5k  2 5 i  
F I N A L  K i L I U l R c 6  ATTtNCIATUR i ) I i . i t i \aIUN> I l k  I N C d E S  D3R LbO 
K t l G H T  U F  PAYLUAU l i u  P3UNOS D j K  ~ 7 0  
r i t l G H T  OF LANUIivCl >YSTci'l Ih PuUi'lUS D j K  LdO 
TCiTAL WEIClHT V F  L A N C l I h u  S Y S T t A  AN3 PHYLOAG I N  POUIWSD3t< 2 9 0  
MAX LOAL; FACTOR FOK F L A T  L A N O I h G  AT V t L F  I N  G*S D3R 300 
ClAX LOAD FACTOR FOR EDuE L A h D I N G  AT V t L t  I N  G*S D3R 3 1 0  
ALLOWABLE I N T E R N A L  CRUSH FORCE ( F L A T )  111 POUNDS D3R 3 3 0  
I N T E R N A L  C i W S H I N G  FORCC A C T I N G  ( P i ~ x . t D u E 1  I N  POUNDS D j R  3 4 0  
ALLONAt iLE I N T E R N A L  C l iUbH FORCE ( E X E  I I i\l POUNDS D3R 350  
KAX LGAD FACTOR ( F L A T )  W I T h  APiL=O Ah2 VELCCLTY V F  D 3 i i  j b o  
( 6 ' s )  D X  3 6 1  
MAX LUAU FACTVII  ( E D G E )  h l T H  A i k = O  A h 3  V t L O C I T Y  VE 03f< 3 7 0  
.> \ , C3K 3 7 1  ( G I s )  
ACTUAL V t L U C I T Y  C A P A b l L I T Y  Lube Lhi\lu11\1u ( F E E T / S E C . l  D D ~  500 
ACTLiAL V t L G C l T Y  C A P A d I L l T Y  FLHT LANUI:<d ( F t t T / S t C * )  D j k  590  
STROKE AT h h I C H  LOAD PEAKS ( F L A T 1  I N  INCHES 052 400 
STROKE AT SiHICH L O P L  P c A K S  (EL jGE l  I N  IPiCHES D3R 4 1 0  
FGZCE AT END OF STRGLE ( EDGE I I d  PCIUNDS D3R 4 2 0  
FORCE AT END OF STROKE ( F L A T )  I N  POUNDS D3R 4 3 0  
I N T E R k A L  C R U S H I N b  FORCE A C T I k G  ( I ' I A X ~ F L A T  I I I U  POUNDS D 3 k  3 2 0  
V E L O C I T Y  C A P A B I L I T Y  ( E D G E t F L A T )  FOR E l t F 1  D I M ( F T / S E C D 3 R  440 
VELOCITY C A P A B I L I T Y  ( E D G E t F L A T )  FOR E 2 t F 2  D I M ( F T / S E C G ? R  4 5 0  
V E L O C I T Y  C A P A E I L I T Y  ( E O b E , F L A T )  FOR E 3 t F 3  D I M ( F T l S t C D 3 R  4 0 0  
V C L O C I T Y  C A P A B I L I T Y  ( E s u k v F L A T )  F d R  E 4 9 F 4  D I M ( F T / S t C D 3 R  4 7 0  
WEIGHT OF L A N D I K G  SYSTctSi FG i i  OIM.I!~.F~ ( P i j U h D S I  0 3 R  480 
WCIGHT CIF L A N i i I I 4 6  sY.5Tci.1 F 3 i i  O l b I . t 2 , F L  (PUUiUC'S) 032 4 3 0  
F L A T  S T R O K t  Ih I i r i C l i t S  D j R  510 
( Y E I ~ H T  OF L A N U I N b  SYSTcidi F b K  U I M . E 3 t F 3  (POUIVDS) D3ic 500 
APPENDIX A 
C 
C 
lii 
2 d  
C 
i 
T EUGE STROKE I N  INCHES D3H 5 2 0  
AREA FOOTPR1;JT AftEA (SQUARE INCHES) 03R 5 3 0  
FONTT FOHCE NORMAL TO CRUSH P L A h E  A C T I N G  g r 1 T i - I  FOFTT (POUNDO3R 5 4 0  
FOFTT F R I C T l O l u  FCRCE = AMU * FONTT (POUNDS)  D3R 5 5 0  
FONTTM MAX FORCE NORMAL TO CRUSH PLANE WITH AWU=O (POUNDS)  D3R 5 6 0  
FOF T T IY MAXIMUH FORCE P A k A L L t L  TO CRUSti PLANE (POUNDS)  03R 5 7 0  
VELNE V t L O C I T Y  C A P A B I L I T Y  (tubi) AT S T i i O c t  T ;q lTl - l  AMWO DDR 5 8 0  
( F T / S t C  D W  5 8 1  
V r L N F  V t L O C I T Y  C A P A L i I L I T Y  ( F L A T )  AT S T k O C t  b d I T H  AMU=O D3R 590 
i F T / S E C )  D3R 5 9 1  
9 I M E N S l O h  A S k V t ~ 1 @ 0 ~ ~ 6 S A V E ~ 1 0 0 ~ , C S A V c o l u S A V t ~ l O O ~ ~ E S ~ V E ~ l O O ~ ~  D3R 600 
1 F S A V E ( l O G ) , G 5 k V E [ 1 0 0 )  D3R 6 1 0 .  
D I M E N S I G K  R S ~ V E ( 1 0 0 ~ ~ S S ~ V E ~ 1 0 @ ~ ~ T S A V ~ ~ l O O ~ ~ U S A V ~ ~ l O O ~ ~ V S ~ V ~ ~ l ~ O ~ ~  D3Fi 6 2 0  
1 W S A V E ( 1 0 0 ) 9 X S A V E ( 1 0 0 )  D3R 6 3 0  
WRlTE ( 6 9 5 8 6 )  0313 6 4 0  
READ ( 5 , 5 9 0 )  A ~ B Y G Y R H O P , C , D ~ R H O L ~ X K W ~ F ~ D I A  D3R 6 5 0  
REALi ( 5 , 5 9 0 )  V f , V F , F l , E l , F 2 , E Z , F 3 9 E ~  D3R bb0  
READ ( 5 9 5 9 0  ) It NGKM 9 KShR r S TI< L F 9 HS H C 2  9 AWU 9 PGW 9 Ilk3 D3R 6 7 0  
ASPAR=A*A D3R 6 8 0  
0 SuAR =t: * d  03K 6 9 0  
CSQAR=C*C 03K 700 
D S t i A K = b * u  032 7 1 0  
GSOAR=G*G D3R 7 2 0  
E O  2 0  1 = 1 , 1 4 0 0  D3R 7 3 0  
SIGMA=XKki*RHUL/  [ STREF" 1 4 4 . )  D3K 7 5 0  
F(OUNT=O 0 U3R 160 
b O U N T = - 1 - 0  03R 7 7 0  
XNE=20.0 D j K  7 9 0  
D3R bo0 
PAYLGAb VULU;vE A h i ~  U E I G r i T  D j t i  ti10 
VPA=6. ~ ~ * G S W H I X * ~  D3k a 2 0  
VPo=Y.U7*~;o*(G+0.424*A) D i K  b j O  
HSAVE=O*O ~ 3 r i  1 4 0  
XN=2G. 0 D3fi  1 8 0  
VP=VPA+VPO D 3 k  I340 
d ~ P = K H O P * V P / 1 7 2 8 . 0  D3R 850  
I F  (HKD*LO.l.) GO TO 7 3  D32 (160 
I F  i E Z * G T * O . O )  bo T O  79 D3F; 8 7 0  
INCl=O D3R 8 8 0  
%'PK=o 1 2 5  D 3 i i  8 9 0  
I F  (G.kQ.O.0) 60 TO 4 0  D3R 900 
I F  (XKWaLEe ( V F * * % / B . 0 5 ) )  [JL, TO 5 4 0  D 3 2  Y l O  
SG;FA=SdRT ('>IIPF;*'!YP/ ( K h O L *  (64.4*WPK*XKX-VF+*2 1 ) i)3R 920  
T l l : o + ~ ~ l ~ + l l . 7 3 * V F * S ~ F ~ / S W K T ( ~ + ~ - ~ )  D3K 930 
T 2L=o+ 11 7 S * v k  +S.dFk/ ( 5 T  r i cF-*Sd< T ( G+&-i ) ) S3R 440  
TE=AI . IAXl (  T 1  E ,  T 2 t  1 D3K a 5 0  
~ P K = 0 . 5 0 - ( ~ + R U I A ) / ( Z . a T t )  D3R 960 
I N D l = I  r;L1+1 D3R 970 
1 F  ( I N D l * E Q - 1 )  GO TO 3 0  D3R 980  
T 1 F; C t A+KD I A-U+2 2 5" VE * SQFA / SUR T ( T E ) D?R 990  
T2F=C+A-D+22.5*VE*SOFA/ ISTKEF+SORT(TE))  D 3 R 1 0 0 0  
T F = A M A X l ( T l F * T Z F )  D 3 R 1 0 1 0  
E l = T E - O . 2 0 * ( T E - B - R D I A )  D 3 R 1 0 2 0  
E 2 = T E  D j R  1030 
E 3 = T E + 0 . 2 0 U l T E - B - R D I A )  D 3 R 1 0 4 0  
Fl=TF-O.20*(TF-C-A-RDlA+D) D 3 R 1 0 5 0  
APPENDIX A 
40 
50 
60 
70 
80 
90 
130 
C 
C 
C 
C 
C 
C 
110 
120 
1 3 0  
1 4 0  
F Z = T F  
GO TO 70 
F3=TF+O*ZO*(TF-C-A-RDlA+DI 
I F  ( X K W o L E . ( V F + * 2 / 2 . 6 8 ) )  GO TO 5 4 0  
T E C = W P * V F * * Z / ( ~ ~ O * R H O L * ~ Z . ~ ~ * X ~ W - V F * * ~ ) ) ~ ~ ~ ~ ~ . + ~ * * ~  
TE=TEC*+.333 
I F  ( T E . L T . ( l . Z * i 8 + R C I A ) ) )  GO TO 60 
E l = T E - , 2 0 * i T E - 3 - R 3 1 ~ )  
F l = E l  
E 2 = T E  
F 2 = E 2  
F 3 = t 3  
GO TO 7 0  
T E = l e 2 5 * i b + R D I A )  
GO TO 50 
E = E 1  
F = F 1  
GO TO 100 
E = E 2  
F = F 2  
GO TO 100 
E = E 3  
F = F 3  
E 3 = T E + . Z O * i T E - B - K D I A )  
FMAX=O G 
tMAX=O .C 
L I M I T E R  VOLUME ANL WEIGHT 
V A = 4 . 9 3 * E * F * ( G - C + D + O . 4 2 4 a F )  
VB=4.93*DSQAR*(G-C+.576*2) 
V C = 6 . 2 8 * D * i E - U ) * ( G - C 4 0 . 5 x U )  
VD= 4 9 3*A*S*  ( G+O. 4 2 +*A ) 
VLF=G.28* t3*C* iG-0 .5*C)  
V L =  (VA+VS+VC-VD-VLE I X 2 . 0  
WL=RHOL*VL /1728 .0  
TOTAL WEIGHT 
WT=WP+WL 
F L A T  L A N D I N G  CASE 
I F  i C . L T . i Z . * D ) )  GO TO 110 
5 1 = 0 .  
GO TO 120  
S l = D - S Q R T ( ( Z . * D - C ) * C )  
S2=D 
S M A X l = S T H E F * ( E - I 5 )  
SMAXZ=E-D-RDIA 
S N A X = A C i I N l  i S M k X l ~ S b i A X Z )  
SMAX=SMAX/1 .118  
I F  (ROUNT.GT.O.0) GO TO 130 
DS=SMAX/10 .0 -0 .001  
GO TO 1 4 0  
DS=SMAX/20 .0 -0 .0005  
XN=50 0 
F O = O e O  
FP=O.O 
V j K i D 0 0  
~ 5 ~ i o 7 0  
i> 311 1 0 6 0 
D j l i 1 0 9 0  
D 3 R 1 1 0 0  
D 3 R 1 1 1 0  
D 3 K 1 1 2 0  
0 3 2 1 1 3 0  
0 3 k 1 1 4 0  
U3iiiL50 
rJ3K i 1bO 
D 311 1 1 7 0 
D3klldO 
D3K1190 
D3R 1 2  0 0  
D 3 d 1 2  10 
D 3 K 1 2 2 0  
D 3 R 1 2 3 0  
D j R l Z 4 0  
D3k1250 
D 3 3 l L 6 0  
Ir3R1.270 
D 3 t i 1 2 8 0  
U3K i L 90 
D3R 1300 
G j R L 3 1 0  
D 3 2 1 3 2 0  
D 3 R 1 3 3 0  
D 3R 1 3 40 
03131350 
D 3 R 1 3 6 0  
D 3 R 3 3 7 0  
D 3 K 1 3 8 0  
DSR 1400 
D 3 R 1 4 1 0  
D 5 K 1 4 3 0  
D 3 R 1 4 4 0  
D ~ K 1 4 5 0  
D 3 R 1 4 6 0  
D 3 R 1 4 7 0  
D 3 R 1 4 0 0  
D 3 R 1 4 9 0 
D 3 K i 5 O O  
D3R 15 10 
D 3R 1 5  2 0  
D3K 1230 
r J3k l531  
U ~ K 1 > 4 0  
D 3 K 1 5 5 0  
03R 1 5 6 0  
D 3 r t 1 = w  
0 3 K  1 I t  r) 
D3R 15  7 0  
D 3 R 1 5 8 0  
D 3 R 1 5 9 0  
0 3 K 1 6 0 0  
119 
APPENDIX A 
150  
160  
170  
i a o  
19C 
2i)O 
2 10 
220 
230 
240 
250  
DX=A/XN 
COUNT=O 0 
s=o.o 
UNF=O 
UNFM=WT*VF**2/5.36 
FPNF=O- 
S CR = SEI: A X  
I =o D3R16UO 
u=o.o -0 3i{ 16 YO 
S=S+DS D3R1700 
I F  (S-SMAXI 1603270,270 D3Rl7  10 
D3R1720 
F02=C 0 D3Ki73-0 
W=O.O D3A 17  4U 
D3K 1750  X=O.O 
XlMAX=D-C+F/E*SirliT( 2.0*t*S-S**Z) 03K17b0 
D3R1770 I F  ((ASOAR-X*Xl.Lt.O.O) GO TU 220 
Y=~/A*SOKT(kSwAR-XQX) D3K1780 
P t ~ I = A T ~ N ( U * X / ( A * S G R T ( ~ S 3 A R - X * X ) l )  D3R1790 
I F  ( S - 5 1 1  1 8 0 ~ 1 9 C ~ 1 9 0  D3R1810 
X l M I N = D - C - S ~ R T ( l 2 ~ + D - S I * S l  D3R1820 
I F  (X1.LT.XlMIN) GC; T O  200  0 3 d l b S O  
DF=SIGI*IA*6. 28" ( G + X + l  E-S-Y l*S.SWAK"X/ (i\SOAK*Y I I * (  1 e + (  E-5-Y ) * A S ~ A R * ~ S D 3 l i l b 4 O  
10AR*OSOAK/ (Ye(  A S O A R * A S Q A H a Y * Y + L S 0 A ~ * ~ 5 Q ~ ~ ~ - X * X  I I ) * L X * (  l.+RNGRCi*Tbi$( G3Rlb50 
2PHI )*a21 b 3 R l b 6 0  
FOl=FOl+UF i I Y i i l 6 7 u  
I F  ( X 1 - X l M A X I  2009220,210 D3RlaBO 
X=X+DX B3 t i i bYO 
GO TO 17G 0 9 R S 3 S O  
OtIF=6.20* IG-1-t Xl I?AX+X1~/2 .0)  *(  X 1 - X l M A X )  *SIGI.IA* (COS ~ P t i 1 ) * + 2 + S l ; < l P ~ i I  )D31<1910 
D3R1920 
FOl=FOl-DNF D3K1930 
I F  (S.LT.51) GO T O  250 D3R1940 
D3KlY50 
W=C-U+SbRT( (2.*C-S)*5) D3RlY60 
GO TO 24u  D3R1970 
b = c Ci3R19d0 
F02=SIGMA*G.ZS*I~-O.~*W I * W  D3R 1990 
FO=FUl+F02 D3K2000 
P REA= ( X 1 NAX-X 1 M I  I\: "6.28* I G+ ( X 1 I+; I N+X 1 A A  X / 2  I +6.28* ( G- 5*',1 I *k D 3 R 2 0 1 0  
FOFTTM=AREA*KSHCR*S 1 G:..'~.lk D SI< 202 o 
F0i.l T T V  = FC. D3HiO3O 
D3RL 0 4 0  
FCNTT=RF3E1TT** ( 1 /Pf.lb!) D 311 2 0 5 0 
FOF TT=L.'~iLl*FUNT T D3R20b0 
V3RL070 F O= FOCI T T 
I = I + l  I> 3.; 2 0 8 0 
ASAVE( I I=S  D 3R2 0 9 0  
DSAVE ( 1 1  = A R l r A  LiJtiiiOd 
DSSL110 CSAVE ( I ) =FGNTT 
DSAVE ( I ) =FOFTT D 3 R Z 1 2 0  
ESAVC ( 1 I=FGNTT.Vi U3hL 130 
FSAVt ( I l=FOIFTT;.l D A l ~ 1 4 0  
I F  (COUNT.GT.O.0) GL. TO 260 D3KLiSO 
I F  lFP*Lt- .FOl GO TC; 260 . D3R2160 
FOl=O.O 
Xl=X+(E-5-y)+PsQARxX/( AS;;ki?*Y) D jR iboO 
1 it* 2 Y- R r; LR ,'-' ) 
I F  (S.GE.52) GO T O  2 3 0  
R FON T T = ( F(ii>FC; F T T" ) ** P4I.: / I FUF T TI<** POX+ ( Fb*Aa,,l I ) **PON 1 
D3K 1 6  10 
D3R 162 0 
D3R 1 b 3 0  
D3Rlb40 
D 3R 1 b 5 0 
D3H l660  
D3R 1670  
n 20  
APPENDIX A 
265 
2 7 0  
C 
r 
280 
290 
3J0 
310 
122 
APPENDIX A 
122 
APPENDIX A 
3 9 9  
4c)o 
4 1 0  
425 
4 3 0  
4 4 0  
4 50  
4 6 0  
4 7 0  
APPENDIX A 
480  
490  
500  
510  
520  
530  
540  
550  
560 
570 
C 
580  
5 9 0  
600 
6 1 0  
AAMF=AMF* (VF-AHF 
I F  IAAMF.LT.O.0) GO TO 480 
I F  (AMF) 500,510,490 
I F  (DAKF.EQ.O.0) GO TO 510  
D A K F = E ~ * ( V ~ F - V ~ F ) - I ~ ~ * ( V ~ F - V ~ F ) + ~ ~ * ( V ~ F - ~ ~ F )  
A K F = ( E l * ( V 2 F * u 2 - V 3 F * * 2 ) - t 2 * l V l F * * 2 - V 3 F + + 2 ) + E ~ * ( V l F * * ~  
AMF=( ( V l F - A K F ) x + Z - ( V 2 F - A K F ) + * Z ) / ( E l - E 2 )  
AHFcEl-(VlF-AKF)**Z/AMF 
E4=AHF+(VF-AKF)**2/AMF 
GO TO 520 
E4=AKF+SORTlAAMF) 
GO TO 520  
E4zAKF-SQRT ( AAMF 1 
GO TO 520  
E4=€l+(El-E3)*(VF-VlF)/(VlF-V3F) 
€=E4 
GO TO 100 
I F  IROUNT.GT.1.0) GO TO 550 
V4E=VELE 
V4F=VELF 
D D E = l V F * * 2 - V E L F * * 2 ) * W T / ( 5 ~ 3 6 * F l F O )  
l*OAKF) 
E=E+DDE 
DDF=(V t * *2 -VELE**2 ) *WT/ (5 .36*F lC l )  
D3R 3 840  
D3R3&5O 
03R3860 
D3R3870 
D3H3680 
-V iF* *2 ) ) / (2 .0 jR j89 .0  
D3R3900 
D3R3 9 10 
D3R3920 
D3R3930 
D3R3940 
D3R3950 
D 3R 3 9 60 
D3R3970 
D3R3980 
D M 3 9 9 0  
03h4000 
D3R4010 
D3R4020 
D3R4030 
D3R4040 
D3R4050 
D3R4060 
D3R4070 
F=F+DDF D3R 40 8 0 
ROUNT=2 0 D j i i 4 0 9 0  
GO TO 1 0 0  D ~ R 4 1 0 0  
WRITE ( 6 , 7 6 0 )  U3fi411U 
CONTINUE D3K4120 
k R I T E  ( 6 t 6 0 0 )  D jN4130 
h'R I TE ( 6  9 610  A,t3 Y C, D, G ,  KHOP KHOL D3R4140 
WRITE ( 6  6 2 0 )  Ra i  A ,VE 9VF 9 RNORM ,RSriR ,STREF D3R4150 
WRITE (6 ,630 )  RSHCR,A;\IU,PO'VI,.XKW D3R4160 
WRITE ( 6 , 6 4 0 )  E l  9 F 1  ,E29 F2;€3tF3 D3R4270 
WRITE l 6 9 6 5 0 )  D3H4180 
M R I  TE D3R4190 
WRITE (6,670)  F L U A D F , E L O A ~ F , F C R , F I N ~ ~ ~ ~ ~ ~ , ~ I ~ C ~  D3R4200 
WRITE (6,660) FFLObFi tELOdF . D3R4210 
WRITE ( 6 , 6 5 0 )  V E L E , V E L F , S C R , X k T , F l w , ~ I F O  0 3R42 20  
WRITE ( 6 9 7 0 0 )  VlE,VlF,VZE,VZF,V3E,V3F,V4E,V4€,V4F. 03 l i4230 
k R l  T E  ( 6  9710) Sr T ,l!Ll,dLZ,>;L3 DbH4240 
#RITE (6 ,720 )  D3R4250 
DO 560  L - 1 ~ 1  D X 4 Z b O  
D3R42BO 
NRITE 16,740) D3K4290 
DO 570  N=l,J D3R4300 
WRITE ( 6 , 7 5 0 )  R S A V E ( N ) , S S A V E ( N ) , T S A V E ( N ) , U S ; \ V E ( N I , V ~ A V E l I ~ ) , h r S A V E ( N D 3 R 4 3 1 0  
l ) , X S A V t ( N )  D3R4320 
GO TO 10 03R4330 
DSK4340 
FORMAT (lH1,4X,22HCRUSHAbLE TORUS LAhGER// / / )  03K4350 
FORMAT ( S E 8 . 1 )  D3ti4360 
FORMAT (20X,16HINPUT PARAMETERS//) D3R4370 
D3R4390 
( 6  9 6 6 0 )  E4 9 F4  9 € 9  F sHP 9 'riL 9 W T  
VRlTE ( 6 , 7 3 0 )  A S A V E l L ) r ~ j S A V E l L ) , C S k V t o , C S k V E ( L ) , t 5 k V ~ ( L )  ,FSAVE(LDbR4270 
l ) ,GSAVE(LI  
FORMAT ( 1 X t Z H A = F 6 . 2 , 3 X , 2 H t j = F 6 . 2 , 3 X , 2 r l C = F 6 . 2 ~ 3 X ~ ~ t 1 ~ = F ~ . 2 , 3 X ~ 2 H G = F 6 ~ D 3 R 4 ~ 8 0  
12,3X,5HRHOP=F5. l r3X,5HRHOL=F5.1 / )  
APPENDIX A 
620  
630  
640  
650  
660  
6 7 0 
680  
69C 
701) 
710 
720 
1 3 0  
740 
750 
760  
1.29 5.16 20.1 60 1.5 4.5 L e 1  .2270 .  5.0 
85. 85. 0.0 0.0 
1.0 c.4 0.7 1.0 0.3 2.0 0.0 
1.2 5 
I C  
c 
C 
C 
C 
C 
r c  
C 
C 
C 
C 
C 
c. 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
c 
C 
C 
C 
c 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
25 
r 
r L 
Olri l  10 PR0CKAI.i OURR ( INPUT ,OUTPUT Y T A P L ~ = I N P L J T  ,TAPE6=OdTPuT 
D I N E N S I O N  A S P V E ~ 1 0 0 ~ ~ 6 S ~ V E ~ 1 0 @ ~ ~ C S A V E ~ l O O ~ ~ D S A V E ~ l O O ~ ~ ~ S A V E ~ l O O ~ ~  0141 2 0  
1 F S A V E ~ 1 ~ ~ ~ ~ ~ ~ ~ S ~ V E ~ 1 0 C ) , H S A V E o , 5 S A V E ( l O O ) ~ T S ~ V ~ ~ l O O )  Oi.1 I 30 
W R I T E  ( 6 , 4 6 0 )  ON1 40 
READ ( 5 9 4 7 0 )  A,H,C,D,E,F,G,RhOL,XKW LWiI 50 
R CAD ( 5 9 470 I 0 ET * RD I A 9 D X 7 DTHE 3 R NOR I.' 3 CN \.f T OM1 60 
Ol3I 80  
PROGRAM G E T t R i l I N t S  LOnU VS STROKE A N 3  V E L O C I T Y  C A P A d l L I T Y  FOR ANY OiviI 90 
CRUSH ATT I T U u E  (CONSTANT Tt iRdU(i t i0clT bTROKE)  FOli A G I V E N  C R U S H A o L t  O i v i I  100 
R E AD ( 5 9 4 7 0 ) R S t iC R Y S T R L F- A XU P C;r; Old1 70 
TORUS 
I N P U T  PkRAClETERS 
AYE,C,D,EYF,G 
X K !\I 
RHOL 
BET 
R D I A  
GX 
DTYE 
R N ORM 
CN 
Ir: T 
RSHCR 
STREF 
AMU 
P 0 I*: 
CUTPClT DATA 
li 
V E L b T  
A L C L  
C L t A R  
STTi.; 
FClkTT 
F C F  T T 
TORTT 
101 
110 
120 
130 
140 
150 
160 
1 7 3  
1d0 
LOO 
L!O 
2 1  i 
121) 
L L  1 
L J i l  
L 3  1 
L 40 
L 50 
2 5 1  
200 
170 
L O G  
L 90 
L Y  1 
3g0 
3 2 0  
32 1 
5 3 3  
340 
3 59 
3b0 
37u 
> d o  
301 
3 40 
5 Y  1 
4 3 0  
40  1 
410 
41 1 
423 
430 
440 
450 
i 7 0  
J 1 0  
APPENDIX A 
3 3  
C 
c 
4 9  
5c 
6 3 
l d  
83 
c 
C 
V Q  
127 
APPENDIX A 
C 
C 
1 3 0  
140  
1 5 0  
160 
1 7 0  
C 
C 
C 
180 
19c 
TORKN=O. 0 
T O R 2 N = O .  0 
ARSU=O.O 
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B . l  INTRODUCTION 
The Crushable Torus fianding Loads and Motions Program determines impact 
loads and r e s u l t i n g  s p a t i a l  p o s i t i o n s , ' v e l o c i t i e s ,  and acce lera t ions  as a 
func t ion  of time f o r  an intermediate  landing veh ic l e  with a crushable to rus  
impact a t t enua to r .  
Crushable Torus S t r u c t u r a l  Design Program ( see  Appendix A ) ,  o r  a lander  design 
The lander  conf igura t ion  may be es tab l i shed  w i t h  t h e  
may be a v a i l a b l e  from some o the r  source.  
Features  incorporated i n  t h i s  program inc lude  t h e  a b i l i t y  t o :  s e l e c t  up 
t o  six degrees of freedom thereby allowing s imulat ion of s p a t i a l  motion; vary 
crushable a t t e n u a t o r  e l a s t i c  recovery, l ander  geometry, su r f ace  s lope ,  coeff i -  
c i e n t  of f r i c t i o n ,  and rock diameter;  s e l e c t  values  f o r  as many as eight, 
independent parameters used t o  s t o p  machine computation; and s e l e c t  va r i ab le  
o r  constant  s t e p  Predic tor -Correc tor  o r  Runge-Kutta i n t e g r a t i o n  methods. In- 
put  d a t a  t o  t h i s  program includes i n i t i a l  l ander  a t t i t u d e ,  pos i t i on ,  l i n e a r  
and r o t a t i o n a l  v e l o c i t i e s ,  l ander  geometric and i n e r t i a l  p rope r t i e s ,  and s u r -  
f a c e  condi t ions such as ground sl.ope, c o e f f i c i e n t  of f r i c t i o n ,  and rock 
diameter .  
Output d a t a  c o n s i s t s  of t h e  body fo rces ,  a t t e n u a t o r  and f r i c t i o n a l  forces 
and r e s u l t i n g  moments, and lander  t r a n s l a t i o n a l  and angular  posit , ions,  velo- 
c i t i e s ,  and acce le ra t ions ,  as a func t ion  of t ime. 
The Crushable Torus Landing Loads and Motions Program was 'developed f o r  
a landing veh ic l e  as shown i n  Figure B-1. 
p a r t s ;  t h e  crushable  a t t e n u a t o r  and t h e  payload. 
The lander is co.mposed of two maim 
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The a t tenuator  can be shaped as a hollow sphere, a hollow e l l ipso id ,  o r  
a torus  with a c i r cu la r ,  e l l i p t i c a l ,  o r  a combination c i r cu la r ,  e l l i p t i c a l ,  
and cy l ind r i ca l  cross sect ion.  
wood, foams, and honeycombs may be considered. The payload can be spherical-, 
e l l i p so ida l ,  o r  cy l indr ica l  w i t h  hemispherical or e l l i p so ida l  edge. The 
dimensions f o r  these shapes can a l so  be varied.  
Any type of  attenua,tor mater ia l ,  such as  balsa 
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B. 2 -a ANALYTICAL PRO_CEDURES- 
B . 2 . 1  COORDINATE SYSTEMS - Three coordinate systems used t o  def ine the  
motion of t he  lander as a function of time a r e  shown i n  Figure B-2. 
systems are right-handed and each consis ts  of th ree  orthogonal axes. 
coordinate systems a r e  defined as follows : 
All th ree  
These 
o A coordinate system moving w i t h  t he  lander and fixed a t  i t a  center of 
grav i ty  (X,  Y, Z ) .  T h i s  system is  referred t o  as the  lander coordi- 
nate  system. 
vehicle .  Roll, pitch,  and yaw axes coincide with the  reference X ,  Y ,  
and Z axes respectively.  In  def ining the  s igns of ro ta t ion ,  t h e  
The X axis i s  the  axis of symmetry of t he  landing 
right-hand r u l e  i s  used. 
plane containing the  X axis di rec t ion  a t  the  or igin,  t h e  Y and Z 
d i rec t ions  a r e  chosen a r b i t r a r i l y .  
A coordinate system fixed i n  the  planet and aligned with the grav i ty  
vector ( X f ,  Yf ,  Z f ) .  
coordinate system. The Zf axis i s  directed toward t h e  center  of t h e  
planet and the  posi t ive Xf and Yf axes a r e  directed toward the  north 
and east, respect ively . 
A coordinate system fixed i n  the  planet and oriented w i t h  respect t o  
Since t h e  vehicle i s  symmetrical about any 
o 
T h i s  system i s  referred t o  as the  grav i ty  
o 
t h e  s lope of  the  l o c a l  surface (Xis, Y l s ,  Zls). 
re fer red  t o  as the  surface Coordinate system and d i f f e r s  from the  
gravi ty  coordinate system by the  ro t a t ion  a about t h e  Xf ax is .  
T h i s  system is  
The coordinate systems are related by- t h e  following expression where TR 
and TRL are matrices of d i rec t ion  cosines: 
139 
and 
' Y l s  
X 
Y 
Z 
I 
[ TRL (I, J >  
These t ransformat ions  a r e  used f o r  r e l a t i n g  f o r c e s ,  a c c e l e r a t i o n s ,  v e l o c i t i e s ,  
and displacements  between t h e  va r ious  coord ina te  systems. 
During t h e  i n t e g r a t i o n  of t h e  equat ions of motion, one o r  more o f  t h e  
d i r e c t i o n  cos ines  may become s l i g h t l y  g r e a t e r  than one. This i s  a r e s u l t  of  
t h e  l a n d e r  experiencing high angu la r  v e l o c i t i e s  and i s  due t o  t h e  f i n i t e  s t e p  
n a t u r e  of t h e  numerical  i n t e g r a t i o n  methods employed. When t h i s  occurs ,  +,he 
program p r i n t s  out, a message, recomputes t h e  d i r e c t i o n  cos ines  such t h a t  t h e  
d i r e c t i o n  vec to r  i s  normalized, and cont inues t h e  i n t e g r a t i o n .  
R .2.2 ASSUMPTIONS - During t h e  a n a l y t i c a l  mod e l  development, several .  
assumptions were made t o  reduce program complexity c o n s i s t e n t  wi th  t h e  scope 
o f  t h e  s tudy .  A summary of t h e  b a s i c  assumptions follows: 
a .  Only r i g i d  body motion i s  considered.  
b. A cons t an t  f r i c t i o n  c o e f f i c i e n t  i s  assumed. ( A  mechanism i s  pro- 
vided i n  t h e  program f o r  reducing  motion o s c i l l a t i o n  caused by 
f r i c t i o n  f o r c e s  when t h e  con tac t  s u r f a c e  i s  approaching zero  velocilg.) 
COORDINATE SYSTEMS 
Lander Coordinate Sy 
six 
d, (Roll) 
( F’ i t c h) 
+ Y  
b 
,stem 
. . - . . . . . - . - 
Loca l  Surface Coordinate System 
/ 
Gravity Coordinate 
(Zr Aligned With 
Planet ’s Gravity 
Vector. ) 
Figure B-2 
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c ,  Aerodynamic fo rces  are n e g l i g i b l e .  
d.  Mass moment of i n e r t i a  changes due t o  c rush ing  t h e  a t t e n u a t o r  are 
n e g l i g i b l e .  
e .  The g e n e r a l  geometric shape is  assumed ( s e e  F igure  B-1). 
f, The c r u s h  p l ane  always con tac t s  v i r g i n  material. T h i s  assumption 
would be v i o l a t e d  i f  t h e r e  is  a second bomce on t h e  same a t t e n u a t o r  
c rush  p l ane  o r  i f  success ive  c rush  planes i n t e r s e c t  (see Figure  B - 3 ) .  
g ,  Load-stroke subrou t ine  assumptions a re  i d e n t i c a l  t o  those  f o r  t h e  
load--s t roke po r t ion  of t h e  Crushable Torus S t r u c t u r a l  Design Program, 
Appendix A.  
The c rushable  a t t e n u a t o r  and t h e  payload a r e  each assumed t o  have a 
cons t an t  d e n s i t y .  
h .  
B. 2.3 METHODS OF ANALYSIS 
B.2.3.1 Loads Cal.culation. - The e x t e r n a l  loads cn t h e  v e h i c l e  a re  t h e  
c rush ing  f o r c e  and moments, t h e  f r i c t i o n a l  f o r c e  and moments, and t h e  g r a v i t a -  
t i o n a l  f o r c e ,  
The crushing  f o r c e  i s  t h e  r e s u l t a n t  fo rce  norma.1 t o  t h e  contact, area 
( f o o t p r i n t )  necessa ry  t o  c rush  t h e  a t t e n u a t o r .  
t h i s  f o r c e  does n o t  a c t  through t h e  l ande r  c e n t e r  of g r a v i t y .  
A v e h i c l e  moment r e s u l t s  i f  
This force  and 
moment a r e  c a l c u l a t e d  i n  t h e  LDSTR subrout ine,  (which i s  an  adap ta t ion  of p a r t  
o f  t h e  Crushable Torus S t r u c t u r a l  Design Program) and t h e  aiialyses and assump- 
t i o n s  used t o  de te rmine  them are de f ined  i n  Appendix A .  
POTENYlAL ATTENUATOR CRUSH PLANE POSITIONS 
NON-INTERSECTING CRUSH PLANES 
(Program Assumption) 
INTERSECTING CRUSH 
PLANES 
Pigui-e B-3 
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The loca t ion  of t h e  crush plane, needed f o r  the crushing force calcula- 
t i on ,  i s  defined by the  m a x i m u m  a t tenuator  s t roke ( a t  each time point)  and 
t h e  angle ( p )  between the  crush plane and t h e  vehicle Y-Z plane. 
The angle (p)  i s  calculated from the  d i rec t ion  cosine matrix used t o  
describe the  vehicle  or ien ta t ion  ( see  Section B.2.1). 
The maximwn s t roke  equation, f o r  p l e s s  t h a n  90°, is 
STROKE = -2LS -I- [(Gt-D-C) s i n  p 4- (h!?-tF'tar~~p)]~/~ c o s p  
f o r  p = 90" 
STROKE = -2LS -t CI - C + D + F 
These symbols a r e  defined i n  Figure B-4. 
The f r i c t i o n a l  forces a r e  calculated assuming a constant coef f ic ien t  of 
f r i c t i o n ,  and t h e i r  d i rec t ion  i s  opposite t o  t h e  motion of t h e  centroid o f  
t he  foot,print area.  The f r ic t i -ona l  forces a r e  reduced when t h e i r  magnitude 
i s  grea te r  t h a n  t h a t  required t o  s t o p  the  vehicle footpr in t  centroid w i t h i n  
m e  in tegra t ion  time in t e rva l  and t o  r e s i s t  the  for,ccs and/or moments t.enc!infi 
t o  niove it. T h i s  i s  done t o  prevent o sc i l l a to ry  motion ( i n s t a b i l i t y  cf the  
ca lcu la t ions)  as  t h e  footpr in t  centroid motion s tops.  
moment i s  a l s o  generated by pure rotlation of t he  contact ( foo tp r in t )  area of 
t h e  a t tenuator .  These calculat ions are made i n  the  FORM subroutine.  
A f r i c t i o n a l  r e s i s t i n g  
B.2.3.2 Equations of Motion. - Vehicle motions and displacements a5 a 
function of time a r e  obtained by numerically in tegra t ing  t h e  vehicle differen- 
tial equations of motion. The equations of motion, i n  vehicle coordinates are: 
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Select ion of t he  number of degrees of freedom of motion allowed (up t o  six) i s  
an input  t o  t h e  program; i f  l e s s  than s i x  degrees of freedom a r e  allowed, some 
calculations i n  t h e  program a r e  by-passed and t h e  program running time i s  
reduced. 
Three numerical in tegra t ion  inethods f o r  in tegra t ing  t h e  equations of 
mbtion a r e  avai lable;  f ixed s t e p  four th  order Runge - Kutta technique and 
fixed o r  var iab le  s t e p  Adams-Moulton Predictor-Corrector techniques. 
se lec t ion  i s  control led by input  indicators  (see Figure B-5). 
Their 
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B.3  PROGRAM OPERATION 
B . 3 . 1  INPUT DATA 
B.3 .l.l Ll3Li.t Q u a n t i t i e s .  - Information describing t h e  geometric and 
mass properti-es of the  spec i f i c  lander t o  be studied, the  lander ' s  i n i t i a l  
posi t ions and vel.ocities, t h e  planet surface conditions, and a number of 
indicators  t o  ini .Lialize t h e  in tegra t ion  routines a r e  required as input  da ta  
by the program. 
the  mechanics of  s e t t i n g  up the  input  data, required da ta  card. format, input  
posi t ion de f in i t i on ,  and the  addi t iona l  option t o  modify the  output quant i t ies  
through input indicators  i s  discussed i n  Section B.3.1.2. 
This sec t ion  discusses t h e  required input quant i t ies  while 
Input parameters are  defined i n  Figure B-5. Many of these quant i t ies  a r e  
adequately explained i n  this f igure,  bu t  a number of them require  addi t ional  
comments. 
The program i n i t i a l i z a t i o n  rout;i.ne assumes t h a t  the  i n i t i a l  rotat ions of 
t he  lander a r e  carr ied ou t  i n  t he  order  of yaw ($), pi tch  ( e ) ,  and r o l l  ($1. 
T h i s  point must be considered i n  determining the  magnitudes of these ro ta t ions  
t o  loca t e  t h e  lander a t  t he  desired i n i t i a l  angular or ien ta t ion .  
When any of t he  following ind ica tors  are read i n  as zero, they a r e  r e s e t  
i n t e r n a l l y  i n  the  program with t h e  nominal values indicated below. This i s  t o  
guarantee successful  i n i t i a l i z a t i o n  of t h e  program rout ines .  
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w = o  ERAX s e t  equal t o  1 x (see Appendix F)  
W N = O  EMIN s e t  equal t o  1 x ( see  Appendix. F )  
HMIN = 0 HMIN s e t  equal t o  HMAX i c  seconds 
NMBNCS = 0 
DTHE = 0 
NMBNCS s e t  equal t o  100 
DTHE s e t  equal t o  0.03 radians 
I n  addi t ion,  if e i t h e r  NCUT o r  VMIN is  i n i t i a l l y  zero, the  program w i l l  
terminate with an e r r o r  message. 
The program considers a lander  whose moments of i ne r t i a  a r e  constant w i t h  
t ime,  although capabi l i ty  f o r  subsequent inclusion of var iable  i n e r t i a s  was 
provided. Therefore, t h e  mass moments of i n e r t i a  ind ica tor ,  MIX, must be s e t  
equal t o  zero. 
I n  order f o r  the  program t o  use t h e  var iable  i n e r t i a  option, the time 
r a t e s  of change of the  moments and cross products of i n e r t i a  would have t o  he 
calculated.  
Several  methods f o r  obtaining computational termination f o r  a pai-ticiilar 
lander  case a r e  provided i n  t h e  program. 
when any one of up t o  e ight  var iables  reaches a preset  cutoff  value. 
e ight  cutoff var iables  a r e  as follows: 
One fea ture  results i n  temlintttion 
The 
o Real time (T) 
o Total  sur face  ve loc i ty  (TOTSV) 
o Surface range (FLANGE) 
o 
~ 
Velocity p a r a l l e l  t o  sur face  (TISV).  
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o Distance normal t o  surface (ZLS) 
o Ro l l  rate (PHID) 
o P i tch  r a t e  (THETAD) 
o Yaw r a t e  (PSID) 
XS (J) is  the  a r ray  which contains the  cutoff value f o r  each cutoff 
var iable .  
off  var iables  are increasing o r  decreasing toward the  cutoff values. 
cutoff ind ica tors  a re  s e t  as follows : 
The a r r ay  IND( J) contains indicators  which def ine whether t h e  cut-  
These 
IND(J) = o - Cutoff var iable  increasing t o  cutoff l i m i t .  
IND(J) = 1 - Cutoff var iab le  decreasing t o  cutoff limit;. 
I n  these two arrays, t h e  subscr ipt  J ind ica tes  t h e  order i n  which these quam- 
t i t i e s  a r e  read i n t o  the  program. 
spec i f i c  cutoff value applies i s  governed by i ts  loca t ion  i n  t h e  da ta  f i e l d .  
The time h i s to ry  var iable  t o  which a 
The number of lander impacts t o  be considered i n  a pa r t i cu la r  case i s  
governed by t h e  input quant i ty  WNCS.  
leaves t h e  ground a t  t h e  end of t h e  l as t  impact of i n t e r e s t .  
The program terminates when t h e  lander 
I n  addition, a 
spec i f i c  case i.s terminated i f  the  crushable a t tenuator  is  displaced i n t o  the 
payload clearance envelope ( indicat ing inadequate a t tenuator  dimensions). 
The quant i t ies  PLTRAD and PLTMAS a r e  used t o  determine the  p lane t ' s  
This re la t ionship  i s  accelerat ion of grav i ty  as  a function of a l t i t u d e .  
given a s :  
-G + PLTMAS, G Z = g =  
(PLTRAD 
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In  this ex.pression: 
2 GZ = g = acce lera t ion  of grav i ty  ( f t / sec  ) .  
G = Universal Gravity Constant (1.0684 x 
PLTMAS = Planet s mass (lb-s ec2/f t ) . 
PLTRAD = Planet Is radius ( f t )  . 
Zf 
ft3/lb-sec2). 
Posi t ion of lander  center  of grav i ty  i n  l o c a l  sur face  Z i S  a i s .  
An example of t h e  required d a t a  se tup  is given i n  Section B . 3 . 3 .  Also 
shown a r e  t h e  various options which a r e  avai lable  f o r  the  output d a t a  format. 
B . 3 . l . 2  Input Format. - All of t h e  da ta  cards required f o r  t h e  execution 
of any one case arc referred t o  as a data s e t .  
values of t h e  input  var iab le  with appropriate labels arid 'messagw arc printed 
A s  a d a t a  a c t  i s  read, the  
for f u r t h e r  reference when evaluating t h e  r e s u l t i n g  landcr t ime k 6 3 t o r y  ~ 1 , -  
put.  
2-l+ w i t h  columns 5-11 blank. 
sets t h a t  can be run during any one job. 
A d a t a  s e t  must be terminated by a d a t a  card containing EOD i n  columns 
There is  no program 1.imit t o  the number of' data  
F ~ ~ U T C  R--6 SI lOi . f i  t h e  required fc;l*rnat f o r  the ij.ipa; data ;;;irdr 'Tiic; i r i . . .  
put data  Gii? be though.i; of as a one dimensi.onai array who33 r-i~crnenLs CCiiiLLciLi. 
t h e  values of t h e  various input  quant i t ies .  The input  rout ine i s  comp1etel.y 
compatible w i t h  t h e  I n f l a t a b l e  Torus Landing Loads and Motions Programs 
I .  
(Appendix D) and t h i s  f a c t  accounts f o r  some of t h e  apparent blanks i n  the 
input  format. 
q u a n t i t i e s  required w i t h  t h e  analysis of t h e  i n f l a t a b l e  system. 
posi t ions are noted i n  Figure B-6. 
Many of the  1ocatLons i n  t h e  input  f i e l d  a r e  used t o  input  
Thesc i n p u t  
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Figure B-6 
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A data  s e t  f o r  the Crusha,ble Torus Landing Loads and Motions Program may 
consis t  of th ree  d i f f e ren t  types of da ta  cards. These three  types of cards 
a re  described below i n  the  order they a re  required within a da ta  s e t ,  
Type 1: 
In  any one da ta  s e t  the  f irst  three  cards a r e  always used as  a descrip- 
t i on  o f  t he  case t o  be run. These cards have the  following format. 
Column 1: Must be l e f t  blank 
Columns 2 - 55: May contain any descr ipt ive comments which w i l l  be 
printed a t  the  beginning of the  input  da ta  l i s t i n g .  
Columns 56 - 80: Are not read by the  program and may be used for  
comments o r  i den t i f i ca t ion  sta.tements . 
Type 2: 
The assignment of i n i t i a l  values t o  the program variables  by i n p u t  data  
is accomplished w i t h  t h i s  format. All data  values read from these cards a r e  
f i r s t  stored i n  the  a r ray  DATA. 
t h e i r  respective i n i t i a l  values by equating the  var iables  t o  a specif ied DA7';t 
elernent. Since t h e  DATA elements a r e  i n i t i a l l y  s e t  equal t o  zero, an i n p u t  
variable w i l l  have an i n i t i a l  value of zero unless t h e  corresponding DATA 
element i s  changed by card input .  
t o r s  discussed i n  Section B.3.1.1. 
The various input var iables  are then assigned 
The few exceptions t o  t h i s  a r e  the  indica- 
The input quant i t ies  contained i n  the  six data  f i e l d s  of a da ta  card a r z  
Each card contains a subscrj  p t  which s tored  consecutively i n  the  DATA array.  
governs the  da ta  posi t ion ( i n  t h e  a r r ay  DATA) of each var iable  on t h a t  card. 
The data  posi t ion of an input var iable  i s  obtained by assigning the  f i r s t  
:1 y; 
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variable  on a card the  da ta  posi t ion equal t o  the  card subscr ipt .  
lowing var iable ,  moving from l e f t  t o  right on the  card, has a da ta  posi t ion 
one increment l a rge r .  
(AMU) has a da ta  posi t ion of 119. 
Each fo l -  
For example (Figure B-6), the  coef f ic ien t  of f r i c t i o n  
Thus, a pa r t i cu la r  data  card needed t o  
define a given var iab le  is  ident i f ied  by the  card subscr ipt .  
I n  t h e  instance of multiple da ta  sets, a l l  of t he  previous data  set  i s  
retained except those quant i t ies  changed through reading the  cards of Type 2. 
However, each da ta  se t  must contain a t  l e a s t  one card  of Type 2. 
The following describes 
Column 2: 
Colwnns 5 - 7: 
CO~UIXUIS 10-19, 20-29, 
30-39 , 4049 ,  
50-59, and 
60-69 : 
Columns 1, 8-9, 
and 70-80: 
the  required format f o r  the  Type 2 input cards. 
Read as an in teger  number with an I1 format. 
I f  t h e  value is zero, another card is  read i n  
t h e  same format. If t h e  value is not zero, t h e  
card represents the  l as t  card of Type 2 i n  t h e  
da ta  s e t .  The l a s t  Type 2 card i n  a data  s e t  
must contain a non-zero value i n  this column. 
Read as an in teger  number with an I3 format. 
T h i s  f i e l d  represents t he  da ta  card subscr ipt  
f o r  t h e  pa r t i cu la r  card. 
Read as a real  var iable  with an E10.5 format. 
A l l  data  values must be input as f loa t ing  point 
numbers. 
f l oa t ing  point quant i t ies  by t h e  program. 
These a r e  not read by the  program and may be 
used for comments and iden t i f i ca t ion  statements. 
Integer  var iables  a r e  converted from 
157 
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Type 3:  
Information on these cards is  used when the  optional output routine i s  
desired.  
standard output var iable  i n  t h a t  var iab le ' s  output postion. 
The option allows a d i f f e r e n t  variable t o  temporarily replace a 
There may be as many as 72 input  cards of t h i s  type. Each card contains 
an iden t i f i ca t ion  name (one t o  t e n  characters),  a subscr ipt  locat ing the  
desired output var iable  i n  t he  program ar ray  COJ$I'NT, and an ind ica tor  giving 
the  desired p r i n t  posit ion of the  variable.  
C o l m s  2-11: The t en  characters i n  those columns are used as  
t h e  iden t i f i ca t ion  name f o r  t h e  var iable  t o  he 
pr inted.  (VNAME) 
C O ~ W ~ ~ S  15-19: Read as an integer  number w i t h  an I 5  format,. 
This value is  the subscr ipt  of t he  coimnon a r r ay  
COMINT element i n  which t h e  desired output var i -  
able  is  located (see Appendix x)* (LCOKN) 
Read as an integer  number with an I5 for,nat. 
T h i s  value is  used t o  specify the  p r i n t  posi t ion 
i n  which the  desired output var iable  will be 
pr inted.  
are defined i n  Section 8.3.2. 
These posit ions a r e  not read by the  program and 
may be used f o r  comments and iden t i f i ca t ion  
The output rou t ine ' s  p r i n t  posit ions 
(LPT) 
C O l W S  1, 12-14, 
20, and 
26-80: 
statements.  
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For a multi-case computer run, i f  the  output format i s  modified i n  a data  
set ,  t he  succeeding cases w i l l  have t h e  same modification unless changed by 
t h e i r  da ta  set .  
f i ed  by t h e i r  da t a  s e t .  
New runs r eve r t  t o  t h e  standard format unless they a re  modi- 
13.3.2 OUTPUT DATA 
B.3.2. l  Output Quantit ies.  - A t  specif ied times during the  in tegra t ion  
routine,  various time varying quant i t ies  defining t h e  lander ' s  p o s i t i o n s ,  
ve loc i t ies ,  and accelerat ions;  applied forces and moments; and other itenlq of 
i n t e r e s t  such as at tenuator  crush s t roke  and lander dis tance traveled are 
printed.  
put var iables  may be replaced by other  quant i t ies  of i n t e r e s t .  
I n  addition, an output option is avai lable  whereby the  standard out- 
This procedure 
is  discussed i n  d e t a i l  as Type 3 i n  Section B.3.1.2. 
is  printed by a c a l l  t o  t he  PRINT subroutine. 
from t h i s  subroutine i s  discussed more f u l l y  i n  the  following sect ion,  Section 
B.3.2.2. 
The output information 
The output format resu l t ing  
I n i t i a l  output from the program presents the  input data  read i n  f o r  the  
spec i f i c  case being considered. 
iner t ia  properties of the  lander.  
motion a r e  then given. 
Following t h i s  information a r e  the  weight and 
The time h i s to r i e s  describing the  lander ' s  
Figure B-7 shows t h e  form of t h e  standard heading which appears a t  t h e  
top  of each page of time h i s to ry  output.  
appear as blocks of data  foll-owing this heading and a r e  printed i n  the  same 
The values of t h e  output var iables  
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format as the  heading. 
t i o n  giving the  Central  Processor (CP) time s ince t h e  s tar t  of the  job, t he  
real time, and t h e  present in tegra t ion  s t e p  s i z e  is pr inted.  
is t he  block of output quant i t ies  corresponding t o  t h e  printed value of r e a l  
time. 
A t  t h e  top  of each block of output, a l i n e  of informa- 
Following these 
Figure B-8 defines the  standard output parameters which a r e  avai lable  i n  
t h e  program. 
respective p r i n t  posi t ion.  The top l i n e  of t he  output consis ts  of p r i n t  posi- 
t ions  1-12, the  second line consis ts  of  p r i n t  posit ions l3-2L, and s o  fo r th  t o  
l i n e  six which consis ts  of posit ions 61-72. 
Also shown a re  t h e  appropriate un i t s  of t he  var iable  and i t s  
Many of the  output parameters are completely defined i n  Figure B-8, but 
some require  fu r the r  comment. 
The STROKE parameter i s  the max..i.nium at tenuator  crush dis tance measured 
normal t o  the  crush plane. 
assumed t o  a c t  only when STROKE i s  pos i t ive  and increasing and, on a l i n e a r l y  
reducing scale ,  during the  e l a s t i c  rebound dis tance (EIST).  
t yp ica l ly  1% t o  5% of the  t o t a l  stroke. '  PONTT goes from m a x i m u m  s t roke v a l u e  
t o  zero over the ELST dis tance.  
The resu l tan t  normal crushing force  (FONTT) is  
This would be 
When STROKE i s  negative, it i s  the  dis tance 
normal t o  t h e  l o c a l  surface of t he  uncrushed a t tenuator ' s  c loses t  point.  
The var iables  XPF (I), XCD (I), ANGLD2, ANGLD3, FS (I), and TFC (I) a r e  
not c a l c d a t e d  when FONTT i s  zero, and a r e  printed out  as zero. 
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H A B L E  TORUS LANDING LOADS AND MOTIONS PROGRAM I STANDARDOUTPUT DATA-CRU 
PROGRAM VARIABLES 
L A N D E R  WEIGHT ANI 
WTERTH 
WTPLNT 
XXI  
YYI  
Z Z I  
XYI  
X Z I  
Y Z I  
XX ID 
YY ID 
Z Z l D  
XYlD 
X Z I D  
Y Z l D  
PROGRAM PRINT ANALYSIS 
~- 
VARIABLE POSITION SYMBOL -- 
INTEGRATION TI ME HISTORY PARAMETERS 
TIMECP C P  Time Sec Computer Central Processor Elapsed T ime 
T Sec Real Time Elapsed (Starts a t  Init ial Input Time) 
H Z  D T  Sec Integration Step Time Interva l  
GROUND REFERENCED TIME HISTORY PARAMETERS. 3 L I N E  FORMAT OPTION 
XLS 
XDLS 
XDDLS 
YLS 
YDLS 
YDDLS 
ZLS 
ZDLS 
ZDDLS 
SIGMA 
GAMA 
STROKE 
FONTT 
TORTN 
FRICT 
1 
2 
3 
13 
14 
15 
25 
26 
27 
4 
16 
28 
5 
17 
29 
INERTIA PROPERTIES 
L b s  Lander Weight on Earth 
L b s  Lander Weight on Planet 
. 
L b  Ft Sec2 
L b  Ft Sec2 
L b  Ft Sec2 
L b  Ft Sec2 
L b  F t  Sec2 
L b  F t  Sec2 
Lb Ft  Sec 
L b  Ft Sec 
L b  Ft Scc 
L b  Ft Sec 
L b  Ft Sec 
L b  Ft Sec 
Lander Moment of Inertia About X Ax is  
Lander Moment of Inertia About Y Ax is  
Lander Moment of lnert io About Z Ax is  
Lander XY Product of Inert ia 
Lander X Z  Product of Inert ia 
Lander Y Z  Product of Inert ia 
Rate of Change of  XXI (Not Used) 
Rate of Change of YY I  (Not Used) 
Rate of Change of  ZZI  (Not Used) 
Rate of Change of XYI  (Not Used) 
Rate of Change of XZ I  (No1 Used) 
Rate of Change of Y Z I  (Not Used) 
~ ~~ 
UNITS 
~ 
VAR I A B L E  DE F I N I T  I ON 
(Loco1 Surface Refercnced 1 
Ft 
F t  .Sec 
F t/Sec2 
Ft 
F t  Sec 
Ft/Sec2 
Ft,Sec 
Ft/Sec2 
F t  
FIt Ang. Deg 
Ver Ang Deg 
In. 
Lb.  
Ft L b  
L b  
, 
XD (I,\) 
XDD (1.1) 
XD (1,2) 
XDD (1,2) 
XD ( 1 , 3  
XDD (1,3) 
XD (1 ,4  
XDD (1,4) 
XD (1,s) 
XDD (1,5) 
XD (1.6) 
XDD (1,6) 
V ~ H I C L E  COORDINATE REFE‘RENCED  TI^ 
6 
7 
18 
19 
30 
31 
8 
9 
20 
21 
32 
33 
XD 
XDD 
YD 
YDD 
ZD 
Z D D  
P H l D  
PHlDD 
THETAD 
THETADD 
PSlD 
PSIDD 
F t iSec  
Ft/Sec2 
F t  ’Sec 
Ft/Sec2 
Ft,,Sec 
Ft/Sec2 
Rad/Sec 
Rad/Sec2 
Rad/’Sec 
Rad/Sec2 
Rad/Sec 
Rad/Sec2 
less  Otherwise Stoted) 
Lander Center of Gravity (C.G.) X i s  Locat ion 
Lander C.G. Velocity, X i 5  Component 
Landm C.G. Acceleration, Xis Component 
Lander C.G. Y l s  Locat ion 
Lander C.G. Velocity, Y l s  Component 
Lander C.G. Acceleration, Y l s  Component 
Lander C.G. Z l s  Locat ion 
Lander C.G. Velocity, Z l s  Component 
Lander C.G. Acceleration, Zls component 
Heading Angle From Nortli Toward East (On Xf-Yf  Plane) 
Resultant C.G. Veloc i ty  Angle (From the Xf-Yf Plane)l 
Maximum Attenuator Stroke Normal to  Crush Plane. 
Resultant Crush Force On Attenuator (Normal to Crush Plane) 
Moment About the Lander C.G. Caused by  FONTT.  
Hesulianl Fr ic t ional  Force on Attenuator Footprint.  
HISTORY PARAMETERS, 3 L I N E  FORMAT OPTION 
Lander C.G. Velocity, X Component 
Lander C.G. Acceleration, X Component 
Londcr C.G. Velocity, Y Component 
Lander C.G. Acceleration, Y Component 
Lander C.G. Velocity, Z Component 
Lander C.G. Acceleration, Z Component 
Rotational Veloc i ty  About X Ax is  
Rotational Accelerat ion About X Ax is  
Rotational Veloc i ty  About Y Axis  
Rotational Accelerat ion About Y Ax is  
Rotational Veloc i ty  About Z Ax is  
Rotational Accelerat ion About Z Axis  -
Figure B-8 
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_.__ 
RIN’T 
)SI TI  ON 
IlCLE 01 
10 
22 
34 
11 
23 
35 
12 
24 
36 
L GROU 
37 
49 
61 
38 
50 
62 
39 
51 
63 
40 
52 
64 
41 
53 
65 
V E H l C l  
42 
STANDARD OUTPUT DATA- CRUSHABLE TORUS LANDING LOADS AND MOTIONS PROGRAM(Cont2 
ENTATION TIME HISTORY PARAMETERS, 3 LINE FORMAT OPTION 
(With Respect t o  the Loca l  Surface) 
ANG (1,l) 
ANG (2,l) 
ANG (3,l) 
ANG (1,2) 
ANG (2,2) 
ANG (3,2) 
ANG (1,3) 
ANG (2.3) 
ANG (3,3) 
ADDITI( 
RANGE 
ACL R 
GZ 
XCF (1) 
XCF (2) 
XCF (3) 
TOTGV 
YLGRAV 
ZLGRAV 
XN 
YN 
ZN 
FS (1) 
Fs(2)  
ANGLE3 
ADDlTlOl  
XPF (1) 
XPF (2) 
XPF (3) 
FF (1) 
FF (2) 
FF (3) 
FF (4) 
FF (5) 
FF (6) 
TFC (1) 
TFC (2) 
TFC (3) 
ANGLD 
ADC 
ANGL D2 
54 
66 
43 
55 
67 
44 
56 
68 
45 
57 
69 
46 
INAL V 
58 
(Loca l  s 
TOT VE 
COOR 0 
i I C L E  01 
ice Refere 
Ft 
2 
In. 
F t.iSec 
Ft, Sec 
Ft,’Sec 
Ft.’Sec 
Ft ‘Sec 
Ft. Sec2 
Fti’Sec2 
Planet g’! 
Plonet g’! 
Plonet g’! 
Lb 
Lb 
Deg 
,TE REFE 
F t  
Ft 
F t  
L b  
Lb 
Lb 
F t  L b  
F t  Lb 
F t  Lb  
F t  Lb 
F t  Lb 
Ft Lb 
NTATION 
Direction Angle Between Loca l  Surface X Ax is  (X IS )  and 
Di rect ion Angle Between Y l s  and X 
Direction Angle Between Zls and X 
Direction Angle Between X i s  and Y 
Direction Angle Between Yls and Y 
Di rec i ion Angle Between Zls and Y 
Direction Angle Between X i e  and Z 
Direction Angle Between Y l s  and Z 
Direction Angle Between Z l s  and Z 
Lander X Ax is  (XI. 
ISTORY PARAMETERS, 6 LINE FORMAT OPTION 
!d Unless Otherwise Stated) 
Distance Traveled Across Loca l  Surface (Arc Length) 
(Init io1 Value i s  Input) 
Remaining ol lowable oltenuator stroke 
Accelerat ion of Grevity at Lander Al t i tude 
Attenuator Footprini Centroid Veloc i ty  X I s  Component 
Attenuator Fooiprint Centroid Veloc i ty  Y l s  Component 
Attenuotor Footprint Centroid Veloc i ty  Z l s  Component 
Resultant Lander C.G. Veloc i ty  
Loca l  Surface Component of the Accelerat ion o f  Gravity 
Local  Surface Component of the Accelerat ion of Gravity 
Load  Foctor X i s  Component 
Load Foctor Y is  Component 
Load Factor Zls Component 
Attenuator Footprint Fr ic t ionol  Force, X Component 
Attenuator Footprint Fr ic t ional  Force, Y Component 
Angle Between F r i c i i on  Force Di rect ion and Loca l  Surface X I s  Axis. 
Locat ion on Crush Plane o f  Resultant Normol Crush Force (FONTT), 
Locot ion on Crush Plane of  FONTT, Y Coordinate. 
Locot ion on Crush Plane of FONTT, Z coordinate 
Equivalent Applied Force at Lander C.G., X Component 
Equivalent Applied Force a t  Lander C.G. Y Component 
Equivolent Applied Force at Lander C.G., 2 Component 
Equivalent Applied Moment, Component About X Axis. 
Equivalent Applied Moment, Component About Y Ax is  
Equivolent Applied Moment, Component About 2 Axis. 
Fr ic t ional  Torque Due t o  Pure Rotation of the Attenuator Footprint, 
Footprint Fr ic t ional  Torque, Y Component 
Footprint Fr ic t ional  Torque, Z Component 
i n  Y Direction 
ZI Direct ion 
iNCED TIME HISTORY PARAMETERS, 6 LINE FORMAT OPTION 
X Coordinate 
Area, X Component 
ME HISTORY PARAMETERS, 6 LINE FORMAT OPTION 
e Between Lander Coordinate 
Loca l  Surface Coordinate 
(Maximum Attenuotor Stroke Occurs i n  t h i s  Plane) 
Figure €3-8 (continued) 
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8.3.2.2 Output Format. - A t  t he  end of specif ied in tegra t ion  in te rva ls ,  
The p r in t  times 
Two formats are avai lable  i n  t h e  
t h e  various t i m e  h i s tory  quant i t ies  of i n t e r e s t  a r e  pr in ted ,  
a r e  governed by t h e  input  ind ica tor  KOUNT2.  
output routine: 
six l i n e s  containing 72 var iables  (Option 2) .  
l i n e s  of output defined on Figure B-7, w h i l e  Option 2 pr in ts  all s i x  l i nes  as 
shown i n  t h i s  f igure .  The output format is  governed by t h e  input quantity 
IERPRT . 
th ree  l i n e s  of output containing 36 var iables  (Option 1) o r  
Option 1 pr in t s  t he  top three  
IEnPRT - 0 . P r i n t  Option 1 
I EEPRT - 1 Print  Option 2 
- 
- 
In t e rna l ly  t h e  subroutine PRINT uaes the  time h is tory  var iab les '  program 
name and the subscr ipt  def ining the var iab le ' s  loca t ion  i n  t h e  common ar ray  
COMINT t o  p r in t  t he  var iable .  It i s  important t o  note t h a t  only r e a l  vari-  
ables i n  the  common a r r ay  COMINT can be printed.  
When more than one cutoff var iable  (NCUT>l) i s  employed with t h e  var i -  
able  s t e p  Predictor-Corrector in tegra t ion  routine,  t h e  time his tory data mus t  
be carefu l ly  evaluated. In  t h i s  s i t ua t ion ,  i f  t he  in tegra t ion  error  tolerance 
i s  exceeded and the  in tegra t ion  s t e p  s i z e  reduced, t he  output over a portion 
of the  previous r e a l  time i s  repeated. 
l i s t e d  f o r  a spec i f i c  r e a l  time (T) should be used s ince  they are t h e  most 
accurate.  T h i s  does not occur when only one cutoff parameter i s  specif ied OY 
w i t h  t he  Runge-Kutta o r  f ixed s t e p  Predictor-Corrector in tegra t ion  routines.  
Program termination fo r  number of bounces (NMBNCS) o r  payload clearance is  
The l a s t  time h is tory  quant i t ies  
separate a d  i s  not counted i n  MCUT. 
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Examples of t h e  output format f o r  the  various options a r e  shown i n  
Section B.3.3.  
B.3.3 EXAMPLE OF PROGRAM OPEBATION - In  order t o  fu r the r  i l l u s t r a t e  t h e  
operation of t h e  program, the  program se tup  f o r  t he  following example case 
w i l l .  be shown: 
1. Toroidal aluminum t russgr id  crushable a t tenuator  (density 3 5 
1b/ft3 1. 
Cyl indr ica l  payload (densi ty  60 l b / f t  3 ). 2. 
3 .  
I+. 
5. Slope of - 3 4 O .  
Lander dimensions and i n i t i a l  o r ien ta t ion  as  shown i n  Figure I3-9. 
Surface gravi ta t iona l  accelerat ion of 12.3 ft/sec'. 
6 .  Surface rock diameter of 5.0 inches. 
7. I n i t i a l  resu l tan t  ve loc i ty  of 85 f t / sec .  
8. I n i t i a l  c.g. ve loc i ty  vector i n  t h e  grav i ty  axes Yf-Zf plane, 30" 
from t h e  posi t ive Zf axes i n  t h e  d i r ec t ion  of t he  Yf axis  (see 
Figure B-9). 
The da ta  will be s e t  up t o  run two cases i n  t h e  same run. The first 
case will be as described above and use the  standard output parameters with 
the  six l i n e  f o m t .  
Corrector. 
The in tegra t ion  will be var iable  s t e p  Predictor- 
The second case w i l l  be the  same as t h e  first except t h a t  t he  
i n i t i a l  center  of grav i ty  ve loc i ty  vector w i l l  be i n  t h e  grav i ty  axes Xf-Zf 
plane, t h e  three l i n e  output format w i l l  be used, t he  l o c a l  surface displace- 
ments, ve loc i t i e s ,  and accelerat ions will be replaced i n  the  pr in tout  b y , t h e i r  
corresponding gravi ty  a x i s  values, and fixed s t e p  Predictor-Corrector 
APPENDIX B 
INITIAL LANDER CONDITIONS 
Figure 13-9 
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in tegra t ion  w i l l  be used. 
time (one second, increasing l i m i t ) .  
af ter  one bounce. 
The cutoff var iable  f o r  both cases will be r e a l  
The program will also be terminated 
The input cards f o r  t h i s  run a r e  shown i n  Figure B-10, and program out- 
put, i n  t h e  order i n  which it occurs, i s  shown i n  Figures B-11 through B-14. 
Central  processor computing time f o r  one case involves two components; 
compilation time and running time. 
50 seconds. The running time varfies considerably with t h e  type of case run, 
espec ia l ly  with respect t o  the  input incremental parameters DX and DTHE used 
i n  the LDSTR subroutines ( l a rge r  values reduce running t ime) .  Other fac tors  
a f fec t ing  running time are: 
The compilation time i s  approximately 
impact a t t i t u d e  ( f l a t  landing cases run longer),  
t h e  type in tegra t ion  used (var iable  s t e p  Predictor-Corrector f a s t e s t ,  Runge- 
Kutta slowest) ,  and the  number of impacts o r  bounces allowed (more bounces 
increase t ime).  Nominal running tiines f o r  one case a r e  two t o  f i v e  minutes. 
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PY'int Out of In,pu-t D a t a  
(Example 2) 
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CRUSLYIEU TORUS L4NDING LOADS AND MOTIONS F’RCXRAM 
Print Option 1 
(Example 2) 
Typical Time History Output Page 
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B, 4 - P R O G F W  DECRIl’TION 
B .4 . l  SUBROUTINES - The program consis ts  of .the rnain program and the  
subroutines SOLVE, AERO, ENVIR, PHYS, INERT,  LDSTR, FORM, PCCUT, and PRINT. 
The subroutines AERO and ENVIR a r e  not used i n ’ t h e  pi;esent program, but 
are provided f o r  fu ture  growth and improvement i n  the  program. 
routine would be used f o r  calculat ion of aerodynamic forces on t h e  vehicle,  
and t h e  W I R  subroutine would be used f o r  environmental e f fec ts ,  such as 
l o c a l  winds. 
The Am0 sub- 
A br i e f  summary of t he  subroutine and multip1.e en t ry  names and functions 
(of those present ly  used) is  given i n  Figure R-15 . 
S I  
B . 4 . l . l  Main Program. - The main program reads i n  the  input  data,  
i n i t i a l i z e s  t h e  parameters used i n  t h e  program, and se t s  up the  data used i n  
t h e  subroutines. 
ces, calculates  t he  vehicle accelerat ions t o  be integrated (using the  equa- 
t ions  of motion), and controls  t he  number of degrees of freedom of motion as 
spec i f ied  i n  t h e  input da ta .  
It also i n i t i a l i z e s  and updates t h e  d i r ec t ion  cosine matri- 
B.4.1.2 SOLVE Subroutine. - This i s  a matrix inversion subroutine used 
t o  solve t h e  angular equations of motion f o r  the  highest  der iva t ive  (vehicle 
accelerat ions)  so t h a t  they can be integrated.  It i s  a l so  used t o  i nve r t  a .  
matrh i n  the  FORM subroutine.  
B.4.1.3 PHYS Subroutine. - T h i s  subroutine has two en t r i e s ,  PHYS and 
PHYS1. The f i r s t  en t ry  i s  ca l led  only once per case and i s  used t o  i n i t i a l i z e  
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COMPUTER PRO GRAM ORGANI ZAT I ON 
MAIN 
SOLVE 
PHY S 
PHYSl 
INERT 
LDSTR 
FORM 
LOC 
INUPD 
SETUP 
INTEG 
CUT 
UPDAT 
PCCUT 
PRINT 
Input, Init ial izat ion, Set Up Equations of Motion 
Matrix Inversion 
ln i t i  ai ization, Mass Properties 
Weight, Moments and Cross Products of Inert ia 
Calculat ion of Forces and Moments 
Crushing Force and Resulting Torque 
Fr ict ion Force, Equivalent Forces and Moments at Vehicle C.G. 
Nume r ica I Integration Subroutine 
Cutoff Variable Definit ion and Storage 
Parameter L i s t  of Integrated Variables 
In i t ia l izat ion of PCCUT Subroutine 
Integrate Equations of Motion 
Check Cutoff L im i t s  
Update Variable Lists,  Modify Integration Interval 
output 
Figure B-15 
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parameters and c a l l  t h e  INEm ( i n e r t i a )  subroutine. The second entry i s  
ca l led  i n  each i h t e g r a t i o n  time i n t e r v a l  and i s  used t o  l o c a t e  t h e  crush plane 
(maximum a t tenuator  s t roke and angle from vehicle  Y-Z plane t o  l o c a l  surface)  
and then  call subroutines LDSTR and FORM, i n  t h a t  order. 
~ . 4 , 1 . 4  INXm Subroutine. - The mass and i n e r t i a s  f o r  t h e  equations of 
mction a r e  supplied by t h e  INERT subroutine. The subroutine uses t h e  geometry 
defined i n  Figure B-1 and divides t h e  vehicle i n t o  8 sect ions t o  ca lcu la te  t h e  
i n e r t i a s .  The individual  sect ions weight, center  of gravity,  and i n e r t i a s  a r e  
calculated and then  t h e  sect ions are combined t o  determine t h e  t o t a l  weight, 
center  of gravi ty ,  and i n e r t i a s .  This  approach makes possible  t h e  addi t ion or 
removal of sect ions during t h e  running of t h e  program. It i s  t h i s  capabi l i ty  
that  makes var iab le  center  of g r a v i t i e s  and i n e r t i a s  possible.  This capabi l i ty  
i s  not present ly  used, s ince i n e r t i a  changes a r e  small and program running time 
would be increased. 
€3.4.1.5 LDSTR Subroutine. - The IDSTR subroutine supplies t h e  r e s u l t a n t  
normal force caused by crushing the  at tenuator ,  and t h e  loca t ion  of t h i s  force 
and of t h e  footpr in t  centroid.  The maximum stroke and the  angle between t h e  
X-Z and X1s-Y1s planes a r e  input t o  t h i s  subroutine from PHYS. 
~ 4 . 1 . 6  FORM Subroutine. I - The magnitude and d i rec t ion  of f r i c t i o n a l  
force and moments and t h e  t o t a l  equivalent forces  and moments along and about 
t h e - v e h i c l e  axes are calculated i n  t h e  FORM subroutine. 
B.4.1.7 PCCUT Subroutine. - This i s  t h e  numericd in tegra t ion  subroutine. 
It has six e n t r i e s :  L E ,  for  loca t ing  and s t o r i n g  program cutoff parameters; 
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INUPD, f o r  s e t t i n g  up a l i s t  of t h e  var iables  t o  be integrated;  SIi!TIJP, f o r  
i n i t i a l i z i n g  the subroutine parameters; INTEC, f o r  ca lcu la t ing  the  integrated 
values ; CUT, f o r  checking program cutoff parameters against  t h e i r  l i m i t  
values; and UPDAT, f o r  updating the  integrated var iab le  l i s t  with the newly 
integrated values and, i n  t h e  var iable  s t e p  Predictor-Correctoi., f o r  checking 
calculat ion accuracy and modifying step s i z e  accordingly. 
B.4.1.8 PRINT Subroutine. - This  subroutine p r i n t s  the output data. 
B.4.2 FLOW DIAGFlAN - The general  flow of cal-culations through t h e  pro- 
gram is shown i n  Figure B-16. 
B.4.3 PROGRAM LISTING - A l i s t i n g  of the program .is given on t h e  f o l -  
lowing pages. 
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CRUSHABLE TORUS LANDING LOADS AND MOTIONS PROGRAM 
Subrovlme PHYS r-------- 
I 
Subroutine LDSTR 
Submuline Form 
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I 
I 
I 
I 
I 
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I 
I 
I 
I 
I 
I 
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I 
I 
I 
1 
L-+--+- + - -I 
Fibure B-16 
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Subroutme PCCUT (Continued) 
MAIN PROGRAM (Con~mmdl  
.J 
I 
I 
Figure B-16 (continued) 
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CRUSBABU TORUS UNI)IXG LOADS hMD MOTIONS PROGRAM 
10 
2 0  
3 0  
4 0  
50 
60 
7 0  
bO 
M t i k  90 
M A N  l o o  
M A N  110 
MA& 120  
M A N  1 3 0  
M A N  140 
M A N  1 5 0  
M A N  160 
M A N  170 
M A N  l u o  
M A N  190 
M k h  L O O  
M A N  r 1 0  
M A N  2 2 0  
M A N  2 3 0  
M I I N  L l t O  
M A N  2 5 0  
MAlv  260 
M A h  2 7 0  
M A N  i U 0  
M A h  2 9 0  
M A N  300  
M A N  3 10 
M A N  3 2 0  
Mkh 3 3 0  
M A N  3 4 0  
M A N  3 5 0  
MAN 3 b O  
M A N  370 
M A N  3 8 0  
MAN 3 9 0  
M A N  400 
MAPI 4 1 0  
MAN 4 2 0  
M h h  4 3 0  
M A N  4 4 0  
Mkk 4 5 0  
M A k  4 b O  
M A N  4 7 0  
M A N  4 8 0  
MAIv 4 9 0  
k!AN 5 r ) O  
M A N  5 1 0  
M A N  5 2 6  
M A N  5 3 0  
M A N  5 4 0  
M A N  5 5 0  
M A N  560 
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E N  IV:\LEIJCt 
E Q U I V A L E K C E  
E 3 U f  V A L E N C t  
E W I V A L E N C E  
E Q U I V A L E N C E  
E Q U I V A L E N C E  
E Q U I V A L E N C E  
E Q U I V A L E N C E  
E Q U I V A L E N C E  
C i l U  1 V A L E N C E  
E Q U I V A L E N C E  
E Q U I  VALEEiCE 
E Q U I V A L E N C E  
E G U l  V A L E N C E  
E Q U I V A L E N C L  
E Q U I V A L E N C E  
EQlJI VALFNCF: 
E Q L J I V A L E N C E  
E Q U I V A L E N C E  
E O 9 1  V A L E N C E  
E Q U I V A L E N C E  
t 011 I V A L  E NC E 
E C U I V A L t N C E  
E Q U I V P \ L L h C E  
E C U I  V A L E N C E  
E Q U I V A L E N C E  
ECU I VALEEICF 
E Q U I V A L E N C E  
E Q U I  VII.LFNCF 
E Q I J I V A L E N C C  
EQU 1 V A L E N C E  
E Q U I V A L E N C E  
E Q U I V A L E N C E  
EO11 I V A L E N C E  
E Q U I V A L € N C E  
E U U I V A L E N C E  
E 0 U 1.V A L E rU C E 
E C U I V A L E N C E  
E O U l  VALEEiCE 
E Q U I  V A L F K C E  
E ( ? U l  V A L E N C E  
t3U 1 V A L E N C E  
E Q U I  V A L E K E  
t C U I V A L t h C E  
E Q U I  V4LEPrCE 
EO111 V A L E K C E  
E Q U I V A L E N C t  
EQU 1 V A L E N C E  
E Q U I V A L E N C E  
E Q U I V A L E N C E  
E Q U I V A L E N C E  
E Q U I V A L E N C E  
E3UI V A L F N C E  
E Q U l  V A L E N C E  
E 3 U I V A L E t i C C  
E O U I V A L E N C E  
MAN 570 
Mf+I\(  580  
MAN 590  
MAN 600 
MAN 610 
MAN 620  
MA& 630  
MAN 640 
MAN 650 
MAN 660 
MAlv 670 
H A N  680 
MAN 690 
MAN 700 
MAN 710  
MAN 7 2 0  
MAN 730 
MAN 7 4 0  
MAN 7 5 0  
MAN 160 
MAN 770 
MAN 780  
MAN 7 Y O  
MAIL 8 0 0  
MAN 610 
MAN b L O  
MAN 6 3 0  
MAN d40 
MAN 850  
MAN 860 
MAN 870 
MAN 8 8 0  
MAN 890 
MAN YO0 
MAN 910 
MAN Y20 
M A N  Y30 
M A h  940 
MAN 950 
MAN 960 
MAN 970 
MAN Y80 
MAN 990 
MAIv 1000 
MAN 1 0 1 0 
M A N 1 0 2 0  
M A N 1 0 3 0  
M A N 1 0 4 0  
M A N 1 0 5 0  
M A N 1 0 6 0  
MAN 1 0 7 0 
M A N 1 0 8 0  
M A N 1 0 9 0  
M A N 1 1 0 0  
M A N 1 1 1 0  
M A N 1 1 2 0  
180 
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E Q U I V A L E N C E  ( 
k Q U I  VALERCE ( 
E Q U I V A L E N C E  ( 
E Q U I V A L E N C E  ( 
E Q U I V A L E N C E  ( 
E Q U I  V A L E N C t  ( 
E G U I V A L E N C F  ( 
E Q U I V A L E N C E  ( 
E Q U I V A L E N C E  ( 
E Q U I V A L E N C E  ( 
E Q U I V A L F N C E  ( 
t Q l J 1  V A L E N C t  ( 
E Q U I V A L E N C E  ( 
E Q U I V A L E N C E  ( 
EQL I VALENCE ( 
E Q U I V A L E N C E  ( 
t Q U  J VALEEtCt  I 
E Q U I V A L E N C E  ( 
L Q U  I VALENCE ( 
E W I  VALENCE ( 
EQCI VALENCE ( 
E Q U I V A L E N C E  ( 
E Q U I V A L E N C E  ( 
E Q l J I  V A L E N C E  ( 
E Q U I V A L E N C E  I 
EQlJ I VALENCE ( 
t O U I V A L E N C t  
t G U  I V A L E k C E  
E Q U I V A L E N C E  
E 3 U  I VALENCE 
EQlJ I V A L E N C E  
t Q U  I VALENCE 
E Q U I V A L F N C E  
E Q U I V A L E N C E  
L Q U I V A L E N C E  
C O U I V A L E N C E  
E Q U I V A L E N C E  
E Q U I V A L E N C E  
t QU I VALENCE 
L O U I V A L E N C E  
E Q U I V A L E h C E  
E O U I V A L L N C E  
C Q U I V A L E N C E  
E Q U I V A L E N C E  
E Q U I V A L E N C E  
E G U I V A L E N C E  
L O U  1 VALENCE . 
E Q U I V A L E N C E  
EOU I VALEbiCE 
t Q U I V A L E h C E  
E Q U I V A L E L C E  
E Q U I V A L E N C E  
E Q U I  VA.LENCC 
E Q U I V A L E N C E  
EQU I VALENCE 
FQU I V A L E h C t  
C O M I N T (  4 4 6 1 9  B 
CO,"IINT( 4 4 7 ) ~  C 1 
C O M I N T (  4 4 3 1 9  0 
C O M I N T (  4 4 9 1 9  t 1 
C C M I N T (  4 5 0 1 9  F 1 
C O M I N T l  4 5 1 1 9  G 1 
C O M I N T (  4 5 2 1 9  HHOL 1 
C O M I N T (  4 5 3 1 +  RHOP 1 
C O M I K T (  4 5 4 1 9  TOTGV 1 
C O M I N T (  4 5 5 1 9  F O N T T  
COI+lINT( 4 5 5 1 9  FOKCE 1 
L O M I N T (  4 5 6 1 ,  TOKTN 1 
C O M I N T (  4 5 7 1 9  ARTSU 
CGjl.'IINT( 4 5 8 1 9  P S T T M  ) 
COi*I!NT( 4 5 9 1 9  A N G L t  1 
L O M I N T (  4 6 0 1 9  A N G L E 1  1 
C O b i I N T (  4 6 1 1 9  A N G L t Z  
COI. l INT( 4 6 2 1 ,  A N G L k 3  1 
C O P I N T (  4 6 3 1 ,  ARMOM 1 
C O b I I N T (  4 6 4 1 ,  E L S T  1 
COMIEIT( 4 6 5 1 9  R 3 I A  1 
COMlNT ( 4661 9 AMLJ 1 
C O M I N T (  4 6 7 1 9  XKW 1 
CO?IINT ( 4 6 8  1 9 ')X 
C O I ~ I N T (  4 6 3 1 ,  D T h E  I 
CU(.;INT( 4 7 0 1 ,  ACLR 1 
P I T (  4 7 1 1 ,  HNOHM 1 
N T (  4 7 2 1 ,  L O S T K l  ) 
h T ( 4 7 3 1 r I E K t ' H T )  
N T (  4 7 4 1 ,  RSXCF 1 
N T (  4 7 5 1 9  P E L S T  
.QT( 4 7 6 ) t  SL-OPE ) 
E!T( 4 7 7 1 9  VOL 1 
P!T( 4 7 8 ) .  R 1  
M A N l  1 3 0  
M A N 1 1 4 0  
M A N 1 1 5 0  
M A N 1 1 6 0  
M A N 1 1 7 0  
M A N 1 1 8 0  
M A N l  190 
M A N 1 2 0 0  
M A N 1 2  10 
MAN 1 2 2 0 
M A N l  2 30 
M A N 1 2 4 0  
M A N l  Z 50 
MAN 1 2  6 0 
M A N 1 2 7 0  
MAN 1 L8O 
M A N 1 2 9 0  
b1 AN 1 30 0 
M A N 1 3  10 
MAlri13.20 
M A N 1 3 3 0  
M A N 1 3 4 0  
M A N l  3 50 
MAN 1 3 60 
M A N 1  3 70 
M A N l  380  
M A N 1 3 9 0  
M A N 1 4 0 0  
M A h 1 4 1 0  
M A N 1 4 2 0  
MAN 14 30 
M A N 1 4 4 0  
M A N 1 4 5 0  
M A N 1 4 6 0  
M A N 1 4 7 0  
M A N 1 4 8 0  
M A N 1 4 9 0  
M A N 1 5 0 0  
M A N 1 5 1 0  
M A N 1 2 2 0  
M A N 1 5 3 0  
M A N l  540 
M A N l  5 5 0  
M A N 1 5 6 0  
M A N l  5 7 0  
M A N l  5 8 0  
M A N l  5 9 0  
M A N 1 6 0 0  
M A N 1 6  10 
b I A N l b 2 0  
MAN 1 6 3 0 
MAN 16 4 0  
MAN1050 
MAN 1 b 60 
MAN 16 7 0 
M A N 1 6 8 0  
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c 
C 
c 
C 
C 
c ;  
C 
C 
C 
C 
C 
C 
E Q C I V A L E N C E  ( C O M I N T (  5 0 1 1 9  GASCNT 
E Q U I V A L E N C E  ( CO[.IINT( 5 0 2 ) -  I F L A T  1 
E Q U I V A L F h C E  ( COCIINT( 5 0 3 1 ,  X V F  1 
D I K E N S I O N E D  X V F ( 3 1  
D I M E N S l O N t U  T R ( 3 9 3 1  
D I M E N S I O N E D  T R L ( 3 t 3 1  
D I M E N S I O N E D  FF( 19)  
O I M E N S I O N E D  X P F ( 3 1  
D I M E N S I G X E D  X C C ( 3 )  
DIP!ENSION F S I 3 )  
E U U I V A L E h C E  ( C O M I N T (  5 0 6 1 ~  T l i  ) 
E Q U I V A L E N C E  ( C O M I N T (  5 1 5 ) ~  T R L  1 
F Q U I V A L E N C E  ( C O M I N T (  5 2 4 1 ,  FF 1 
E Q U I V A L E K C E  ( C O H I N T (  5 4 3 ) r  X P F  1 
E Q U I V A L E N C E  ( C O M I N T (  5 4 6 1 ,  XCD 1 
E Q U I V A L E N C E  ( C O M I N T (  5 4 9 1 9  F S  1 
E Q U I V A L E N C E  ( C O M I N T (  5 5 2 1 9  Li 1 
E Q U I V A L E N C E  ( C O K l N T I  5 5 3 1 9  XMACH 1 
E O U I V A L E N C E  ( COCllI \ :T( 5 5 4 1 9  SOUND 1 
E Q U I V A L E N C E  ( C O M I N T (  5 5 5 1 9  F l F L A T  1 
E Q U I V A L E N C E  ( C O M I N T (  5 5 6 1 9  I*IMIC 1 
EOLlIVA.LENCE ( COCIINT( 5 5 7 1 9  S I G M A  
E Q U I V A L E N C F  [ C O M I N T (  5 5 8 ) r  GAMA 1 
E Q U I V A L E N C E  ( C O M I N T (  5 5 9 1 9  SAVSTO 1 
E Q U I V A L E N C E  ( C O M I N T (  5 9 4 1 9  POW I 
L Q U I V A L E N C E  ( C O M l N T (  5 9 5 ) 9  RSkiCR ) 
E Q U I V A L E N C E  ( C O M I N T (  5 6 0 1 9  S A V S T A  1 
E Q U I V A L E N C E  ( C O M I N T (  5 6 1 1 9  DEGRAD 1 
t D l I 1 V A L E N C E  ( C O M I N T (  5 6 2 )  9 A N G L D l  1 
B G U I V A L E N C E  ( C O M I N T (  5 6 3 1 9  ANGLO2 ) 
E Q U I V A L E N C E  ( COI.IINT( 5 6 4 1 9  ANGLD3 1 
E Q U I V A L E N C E  ( C O M I N T (  5 6 5 1 $  P L T M A S  1 
E Q U I V A L E N C E  ( C O W l h T (  566.19  P L T R A D  1 
E Q U I V A L E N C E  ( C O M I N T (  5 6 7 1 9  hMBNCS 1 
E Q U I V A L F h C E  ( C O M I N T (  51581, KOUNT2 1 
E C U I V A L F N C E  ( C O K I N T l  5 6 9 1 9  X L P F  1 
E Q U I V A L E N C E  ( C O M I N T (  5 7 2 1 9  ANCj 1 
E Q U I V A L E N C E  ( C O M I N T (  5 t l l 1 ,  V M I N  1 
E Q U I V A L E N C E  ( COCi INT(  5 e 1 3  9 GACC ) 
E O G I V A L E h C E  ( CLJMINT(  5 6 5 1 9  S T K E F  1 
E Q U I V A L E N C E  ( C O M I N T (  5 8 6 ) ~  TFC 1 
E Q U I V A L E N C E  ( C O l { I N T (  5 8 9 1 9  H A V  1 
E Q U I V A L E N C E  ( C O M I N T (  5 9 0 1 9 F R I C T  ) 
E Q U I V A L E N C E  ( C O M I N T (  5 9 1 1 9  XCF 1 
D I M E N S I O N E D  X C F ( 3 )  
D A T A  E O 0  / 1 0 t i E O D  / 
D A T A  D A T A  / 300*0*0 / 
D A T A  ( N D A T A (  1 )  9 I = l r 9 0 )  / 
D I M E N S I O N E D  X L P F ( 3 1  
O I M E N S I O N E D  A N G ( 3 r ? )  
D I  MENS1 GNED b A C C  ( 3 1 
D I M E N S I O N E D  T F C ( 3 )  
1 6 H I P  9 6 H I V A R H  9 6Hl i4TI - I  9 6 H E K A X  9 
2 6 H N T X  9 6 H N T Y  9 6 i i N T Z  9 6HNRX 9 
4 6 H T  9 6HT 9 6 H  9 6 H  9 
3 6 H M M I C  9 6HNCUT * 6 H I t R P R T p  6H T 
MAN 1 6 9 0 
M A N 1 7 0 0  
M A N l  7 10 
MA lu 1 7 2 0 
M A N 1 7 3 0  
M A N l  740 
M A N 1 7 5 0  
MAhl 760 
M A N l  7 7 0  
M A N 1 7 8 0  
M A N 1 7 9 0  
M A N 1 8 0 0  
M A N 1 8 1  0 
M A N 1 8 2 0  
M A N 1 8 3 0  
MAN 1 tJ 40 
MAN18 5 0  
M A N l M 6 0  
MAN J. b 7 0 
MAN18 b0 
MAN 1 6 9 0 
MANlYOO 
M A N l Y  10 
M A N 1 9 2 0  
M A N 1 9 3 0  
M A N l  940 
M A N L Y 5 0  
M A N l  Y 60 
M A N 1 9 7 0  
M /IN 1 Y u 0 
M k h l Y  Y 0 
MAN 2 0 0 Q 
MAluZOlO 
M A N 2 0 2 0  
M A N 2 0 3 0  
M A N 2 0 4 0  
M A N 2 0 5 0  
MAN 2 0 60  
MAN 2 0 ‘I 0 
M A l u 2 0 8 0  
M A N 2 0 9 0  
MAN2 100 
M A N Z l l O  
MAN2 120 
MAN2 13 0 
MAN2 140 
MAN2 150 
MAN2 160 
M A N 2 1 7 0  
M A N 2 1 8 0  
M A N 2 1 9 0  
M A N 2 2 0 0  
6 H t M I N  9 6 H H ~ * l I l d  t lJlAi\Z 2 1 0 
6HNKY 9 6HivRZ 9 M h l u Z 2 2 0  
bH 9 6H 9 M A N 2 2  30  
6H 6H 9 M h l u 2 2 4 0  
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C 
C 
13 
2 0 
3;; 
40 
50 
60 
76 
C 
-2Q ~ - 
100 
110 
1 2 0  
5 6HTOTSV 6HTOTSV 6 H  9 6H 9 6H 6 H  * 
6 6 H X D ( * 1 9 9  6 H X D ( r l 9 *  6 H  9 6 H  9 6 H  6 H  * 
7 6HTLSV 9 6HTLSV 9 6 H  9 6 H  9 6 H  9 6 H  9 
0 6 H Z L S  9 6 H L L S  9 6 H  9 6 H  6H 9 6 H  * 
9 6 H P H I L  9 6 H P t i I L  $ 6 H  6 H  9 61-1 6H * 
$ 6HTHETAL9 6HTHETALv 6 H  P 6 H  6 H  6 H  9 
B 6 H P S l L  * 6 H P S I L  9 6 H  9 6 H  9 6 H  6 t i  * 
B 6HT 3 6HHi4AX 9 6HKC)UNTZ, 6HI\(P:bNCS* 6 H  6 H  * 
$ 6HXF 9 6 H X V F ( 1 ) 9  6HYF 6 H X V F ( 2 ) r  6HZF 9 6 t i X V F ( 3 ) *  
$ 6 H P H I  9 6 H P H l O  9 6HTI- l tTA 6HTHETAD, OblPSI 9 b h p S l D  * 
$; 6HRANGC 9 6HSLOPE 6 H  * 0H b H  * 6 H  
1 6 H  9 6 H  6 H  9 6 H  9 6 H  6 H  9 
2 6 H  9 6HSTHEF 9 6HSCFWT t 6HA 9 6h tl 9 6HC * 
3 6HD 9 6HE 9 61-IF 6HG 9 6HRHOL 9 6hRHUP 9 
4 6tlPOw 6HKSHCK 6HVMIN * 6 H i i D I i \  6t lDX 6hDTHE 
5 6HRNORI.1 6 H  9 6HELST 9 6 H  9 6kIAlrlU 6HXKW 
OATA ( N b A T A (  I )  r I = 9 1 9 1 3 2 )  / 
6 6HFABWT 9 6 H P L Y l  9 6HPLY2 9 GHPLY3 6HKL 9 6t iRS 3 
7 61IHYST 9 blip! 9 6lil’A 9 6WLTi*’iAS, 6 h P L T i i A u  9 6HGASCNT 
ALL D A T A  r ? E m  ANLJ KANJPIJLATIUN PLUS IIGITIALIZATIOIU  AN^, DEFINEL~ 
1 I\! I T I AL CONL t iLK E 
00 10 1=198 
NSAV(  I ) = O  
KXPN=8 
WRITE ( 6 9 1 1 9 0 )  
DO 3U 1 = 1 9 6 @ 0  
COMINT(! )=O.O 
I F  ( K X P N )  4 0 * 7 0 r l t 0  
DO G O  I = l * K X P N  
I F  ( N S A V ( 1 ) )  5 0 9 6 0 9 5 0  
NN=N&i+l  
CONT 1 NUE 
NGO=O 
DO 9 0  1=1,3 
READ ( 5 , 1 2 0 0 1  
I F  ( E C F 9 5 )  8 0 9 9 0  
W R I T k  ( 0 9 1 2 1 0 )  
STOP 
NN=O 
LEAVE COLUMN C)NE BLANK 
NLOC6=NLOC+5 
WRITE ( 6 9 1 2 3 0 )  ( N U A T A I I ) , I = N L O C , N L O C b )  
I F  ( ( N L O C - 1 3 . L E . O ) . O H . ( ~ L U ~ - 6 1 . G T o O ) I  GO TU 120 
WR I TE 
UG 110 I = l r 8  
I F  ( N L O C e E Q o N S A V ( 1 ) )  GO TO 1 2 0  
CONTINUE 
N N = N N + l  
NSAV ( EiN) =NLOC 
DATA ( N L O C  = Z a l  
DATA ( NLOC+ 1 1 = Z D 2  
DATA ( NLOC+2 1 =Z  0 3  
U A T A ( N L O C + 3 ) = L 0 4  
( 6  9 1 2 4 0  1 
V R I T E  ( b r l 2 5 0 1  N L O C , Z L ~ l , Z U 2 , 2 0 3 , Z U 4 , 2 ~ 5 ~ Z ~ 6  
b lBhZ250 
MAN2270 
MAN2 2 8.0 
M b4 2 3 0 0 
MAN2260 
MAN2290 
MAN2 3 1 o 
MAN2320 
/MAN2 350 
MAN2 3 7 o 
MAN2380 
MAN2390 
MAN2400 
MAN2410 
MAN2420 
/MAN2430 
MkN.2440 
MAN2450 
M A N 2  4 6 0 
Mklu2470 
MAN24tlO 
MAN2490 
MAN2500 
MAN 2 5 1 0 
M A N 2  5 2 0 
MAN2530 
MAN2540 
MArUL55O 
MklV L 5 6 0  
MAN25 7 0  
Mfih2560 
MAN2590 
MANZbOQ 
MAN26 10 
MAN2620 
MAN2 6 3 0 
M i l k 2 6 4 0  
M AN 2 6 5 0 
MAlu2660 
MAN2670 
MkNL6i iO 
MAluZb9O 
Mklv 2 7 0 0 
MAh2 7 10 
MAhZ720  
MAN2730 
MAN2 7 4 0  
MAN2750 
MAN2760 
MAN2 7 70 
MAN27 8 0 
MAN2 7 9 0 
MAiI 2 t, 0 0 
bl Ai42 3 3 0 
MANL340 
MkNZ360 
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D A T A ( N L O C + 4 1 = 2 0 5  
D A T A  ( N L O C i . 5  ) =2@6 
I F  (NSTP.EO.0) GO TO 100 
N C U T = D A T A ( 1 4 ) + . 1  
I F  (NCUT.NE.0) GO TO 130  
d R I T E  ( 6 ~ 1 2 6 0 )  
STOP 
C I N P U T  CHANGE OF P R I N T  V A R I A d L t S  
C ANY VARICI.OLC I N  COMMON C A N  dE P R I N T L D  t iY  C A 2 0  O P T I O N  
130 HEAD ( 5 ~ 1 2 7 0 )  V N A M ~ , L C O M O N I L P K I r , T  
C COLlJMK ONE OF DATA CARL, 15 U S t l )  FOR SPACINC, CUNTHOL 
I F  I V N A M k . E U e € O L ~ )  GC; TO 140 
Wli I T E 
C A L L  P H I  N T  (VNAME * L C O M O N V L P I ? I N T  
( 6 9 1 2  8 0 1 L P R  I N T v LCi)PICiCd 9 V k  AME 
GO TO 130 
140 \ C R I T E  ( 6 ~ 1 2 9 0 )  VNAME 
I P = C A T A ( 1 ) + . 1  
HMAX=DATA ( 6 8  ) 
H M I N = D A T A ( 6 )  
I F  ( H W I N . E Q o O e @ )  I i M I N = H M A X * 2 * + * ( - 1 6 )  
D E G R A D = 5 7 . 2 9 5 7 7 9 5 1 3 1  
I P T A T L = O  
I P T O T L = O  
I N D A C L = O  
C U T E K R = * 0 0 0 1  
N C O N S T r l  
I NUBAC=O 
L D S  TR 1 =O 
I E R P H T = D A T A  ( 1 5  ) 
N M U N C S = D A T A ( 7 0 )  
NHBNC=O 
S T R E F = D A T A ( Y B I  
S C F W T = D A T A ( Y 9 )  
k = O A T A ( 1 0 0 )  
B = D A T A ( 1 0 1 )  
C = U A T A ( l O Z )  
D = D A T A ( 1 0 3 )  
L = i \ A T A  ( 1 0 4  ) 
F = U A T A (  1 0 5 )  
G = D A T A ( 1 0 6 )  
R t l O L = D A T A  ( 107 1 
R H O P = D A T A ( l O S )  
AC L l i =  0 - 0  
I F  ( N M D N C S o E Q - 0 )  NMUNCS=lOO 
I F  ( D A T A ( l l l ) . N E e O )  GO TO 1 5 0  
W R I T E  (6 ,1300)  
5 TOP 
P O Y = 3 A T A ( 1 0 9 )  
R S H C R = D A T A ( 1 1 0 1  
R D I A = D A T A ( 1 1 2 )  
D X = D A T A ( 1 1 3 )  
D T H E z D A T A ( 1 1 4 )  
R N O R M ? D A T A ( 1 1 5 )  
E L S T = D A T A (  1 1 7 )  
1 5 0  V M I N = D A T A ( 1 1 1 )  
-1 F ( D T H E  eLEoO.  0 1 D T H E = *  0 3  
MAN2 & 10 
MAE12820 
M A N 2 8 3 0  
M AN2 8 4 0 
M A h 2 8 5 0  
MAN 2 8 6 0 
M A N 2 8 7 0  
MAlu18EJO 
M 14 N 2 8 Y 0 
M A N 2 9 0 0  
MAfv2 Y 1 0 
M A h  2 9 2 0 
MHIU Y 30  
M A E I L Y ~ O  
MARiL950 
M A N 2 9 6 0  
M A N 2 9 7 0  
MAN2Y BO 
M A N 2 9 9 0  
MAN 3 0 0 0 
M AN 3 0 1 0 
M A N 3 0 2 0  
M A N 3 0 3 0  
MAN 3 0 4 0 
M A N 3 0 5 0  
M h N 3 0 6 0  
M A k 3 0 7 0  
M A N 3 0 8 0  
M A N 3 0 9 0  
M k N 3 1 0 0 
MAN3 1 1 0 
MAN3 1 2 0  
M ~ h 3 1 3 0  
M A N 3 1 4 0  
Miih3150 
M ~ l u 3  160 
M A I U j 1 1 0  
M k l v S l b O  
M A N 3 1 9 0  
MAN 3 2 0 0 
MAN 3 2 1 0 
M k lu 3 2 2 0 
M A N 3 2 3 0  
MAN3 2 4 0 
MAN32 50 
M A N 3 2 6 0  
M A N 3 2 7 0  
MAE13280 
M A N 3 2 9 0  
M A N 3 3 0 0  
M A N 3 3 1 0  
M A N 3 3 2 0  
MAN 3 3 3 0 
M A N 3 3 4 0  
M A N 3 3 5 0  
MAN3 3 60 
184 
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A M U = D A T A ( 1 1 9 )  
XKW=DATA( 1 2 0 )  
C INFLATABLE DATA I T E M S  
FABWT=DATA(  1 2 1  1 
p L Y l = D A T A 1 1 2 2 )  
p L Y Z = D A T A ( 1 2 3 )  
P L Y 3 = D A T A ( 1 2 4 )  
R L = D A T A l 1 2 5 )  
R S = D A T A ( 1 2 6 )  
H Y S T = D A T A ( 1 2 7 )  
P I = D A T A l 1 2 8 )  
P A = D A T A I 1 2 9 )  
P L T M A S = D A T A ( 1 3 0 )  
P L T R H D = D A T A ( 1 3 1 )  
G A S C N T = D A T A l 1 3 2 )  
I V AH H = D A T A I Z + . 1 
E M A X = D A T A ( 4 )  
E M I N = D A T A ( 5 )  
I N T H = D A T A ( 3 ) + . 1  
I F 
I F  
N T X = D A T A ( 7 ) + o l  
N T Y = D A T A ( 8 ) + . 1  
N T Z = D A T A ( 9 ) + . 1  
N R X = D A T A ( 1 0 ) + . 1  
N R Y = U A T A ( i l ) + * l  
h R Z = O A T A ( l Z ) + * l  
( EMAX. EQ* O. 0 1 
( EM 1 N EQ. 0.0 ) 
EM4X= 1 E-4 
E M 1  N = l  E-6 
A M I C = D A T A ( l S ) + . l  
T = D A T A l 6 7 )  
K O U N T 2 = D A T A ( 6 9 ) + . 1  
K O U N T l = K O U N T Z - l  
X F = D A T A ( 7 3 )  
XVF I1  ) = D A T A  ( 7 4  
Y F = D A T A I 7 5 )  
X V F  ( 2 =DP.TA I 7 6  1 
Z F = D k T A ( 7 7  
X V F (  3 ) = L A T I \ (  7 t i  1 
H A N G E = D A T A (  8 5  1 
S L O P E = D A T A I  8 6 )  
P H I = D A T A ( 7 9 )  
P H l P = P H I  
X D l l t 4 ) = U A T A l U O )  
T H E T A = D A T A ( 8 1 )  
X D I  1 9 5 1 = D A T A  I 8 2  1 
P S I = D A T A ( 8 3 )  
PSIP=PSI 
XDI  1 9 6 ) = D A T A l 8 4 )  
c U E F ~ ~ E  CUTOFF VARIADLLS BY c a u  T O  LOC 
C Tt iE  FIdST CILi lT CUTcil-F V A R I k 3 L t S  A K t  V c F l N t u  t lY  I N P U T  
i STROKE 15 U S E L  F M  STAGINC; AT TOUCn 3UWN AN3 L I F T  U F F  
DO 2 5 0  J = 1 * 8  
L O C A = L  t iS.4Vl J)-13 1 / 6  
~ I F  l N S A V ( J ) )  160t250r160 
160 
170 C A L L  LOC 1 1 9 6 n T  r D A T A 1 1 9 ) r D A T A l % O )  
GO TO ~ 1 7 G t l 8 0 ~ 1 ~ 0 t 2 0 0 ~ ~ 1 0 ~ 2 ~ 0 ~ ~ 3 0 ~ ~ 4 ~ ~ r  LOCA 
GO TO 2 5 0  
M A N 3 3 7 0  
M A N 3 3 8 0  
M A N 3 3 9 0  
M A N 3 4 0 0  
M A N 3 4 1 0  
M A N 3 4 2 0  
M A N  3 4 3 0 
M A N 3 4 4 0  
MAN34 50 
M A l u 3 4 6 0  
MAN 3 4 7 0 
MAlv 3 4  8 0 
M A N 3 4 9 0  
M A l u 3 5 0 0  
M A N 3 5 1 0  
M A N 3 5 2 0  
MAN3 5 30 
I Y ~ N 3 5 4 0  
M A N 3 5  50 
M A N 3 5 6 0  
M A N 3 5 7 0  
MAN 3 5 e o 
M A N 3 5 9 0  
M A l u 3 6 0 0  
M A k 3 6 1 0  
ti AN 6 2 0 
M A N 3 6 3 0  
M A N 3 6 4 0  
M A N 3 6 5 0  
M A N 3 b 6 0  
M A N 3 6 7 0  
M A N 3 6 8 0  
MAN 3 6 9 0 
M A N 3 7 0 0  
MAN3 7 10 
M A h 3 7 2 0  
MAN 3 '7 3 0 
M A h i 3 7 4 0  
Mf i lu3750 
M A h 3 7 6 0  
M A N 3 7 7 0  
M A N 3 7 0 0  
M A k 3 8 0 0  
M A N 3 8 1 0  
M A N 3 6  2 0 
M A N 3 8 4 0  
MAlv36 50 
Pi A N  3 6 6 0 
MAN 3 U 7  0 
MAb4388O 
M ~ h 3 8 9 0  
M &Pi 3 90 0 
M A N 3 9  10 
MAN 3 9 2 3 
~ ~ 3 7 9 0  
MAN 3 e 3 o 
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1 8 0  
190 
200 
2 1 0  
2 2 0  
2 3 0  
2 4 0  
250 
c 
260 
2 7 0  
280 
C A L L  LOC ( 3 4 0 r 6 H T O T S V  , O A T k ( 2 5 ) r D A T / l ( 2 6 ) )  MAN3 9 3 0 
GO TO 250  MHN3940 
C A L L  LOC ( 2 9 1 * 6 H X b ( 1 9  r u A T A ( 3 1 ) r D A T A ( 3 2 ) )  MAN 3 9 5  0 
GO TO 2 5 0  MAN3960  
C A L L  LOC ( 3 4 2 r 6 H T L S V  r G A T A ( 3 7 ) r D A T k ( 3 8 ) )  MAN3 9 7 0 
CrO TO 25G MAN3980  
C A L L  LDC ( 3 4 4 r b l i Z L S  * b A T A ( 4 3 ) r D A T A ( 4 4 ) )  N A K 3 9 9 0  
GO 10 2 5 0  MAlrr4000 
C A L L  LOC ( 1 8 6 r 6 1 4 P H I D  r D A T A ( 4 9 ) r D A T A ( 5 0 ) )  MAN4010  
60 TO 2 5 0  MAN4020  
CALL  LOC ( l Y 7 r b r l T t l E T A D * D A T / 2 ( 5 5 ) * D A T A ( 5 6 ) )  MAN4030  
GO TO 250 MAN4040  
C A L L  LOC ( 2 0 0 r 6 H P S I D  r D A T A ( 6 l ) r D A T A ( 6 2 ) )  MAN4050  
CONT I NUE MAN4060  
C A L L  LOC [34896HSTROKErO.O90)  MAN4070 
LOCSTR= I P TA T L  MAN4080  
KXPN= I MAN4090  
I F  I V = l C O N S T A l i T  JNTLRVAL INTLGKATIUN,  I V = O  V A K J b L t  I h T L R V A L  MAN4 100 
G Z = 1 6 . 1 3 7 L - l l * P L T M A S / ( - Z F + P L T R A I . ) ) * * 2  MAN4110  
C A L L  P R I N T 1  MHK4120  
C A L L  PHYS MAN 4 1 3 0 
W T E R T H = XMAS 5 T * 3 2 1 4 7 MAN4140  
WTPLNT=XMASSl*GZ MAN41 50 
WRITE ( 6 r 1 3 1 0 )  WTFRTH9WTPLNT MAN4160 
WRITE ( 6 r 1 3 2 0 )  MAN4 1 7 0  
h'lZITE ( 6 ~ 1 3 3 0 )  X X I , X Y l t X X I D ~ X Y I D ~ Y Y I , X L I ~ Y Y l ~ r X ~ I ~ r Z Z l r Y Z ~ ~ ~ ~ l U ~ Y Z M ~ ~ ~ 4 l 8 O  
1 1 D  MAh41YO 
C A L L  AERO MAlu4200 
C A L L  E N V I R  NAN42 10 
X ( l r 4 ) = P d I / D E b H A L t  MAN4220 
X I  1 ~ 5 ) = T t l k T k / 3 t ~ l ~ ~ ~ L ,  M AN4 L 3 0 
X (  1 r 6 ) = P S I / D L O R A b  MAN4240  
C S = C O S ( X ( l r 6 ) )  MAN4250  
C T = C O S ( X ( l r 5 ) )  MAN4260 
C P = C O S ( X ( 1 * 4 ) )  MAN4270 
S P = S I N ( X ( l r 4 ) )  MAN4280 
S T = S I N ( X ( l r 5 )  1 MAN42 90 
S S = S I N ( X ( l r 6 ) )  MAN4300  
CSLP=COS(SLOPE/DLGRAD) MAN43 10 
SSLP=S lN ISLOPL/DEGRAD)  MAN4320  
I F  (U~S(X(lr/t)-1.5707Y6~~~~).Gt.l.E-~) b0 TO 2 6 0  MAN4330  
CP=O.O Mklu4340 
I F  L A B ~ ( X ( l r 5 ) - 1 0 ~ 7 0 7 Y 6 ~ 2 6 ~ ) 0 ~ ~ . 1 * ~ - ~ )  GO TO 270 MAN4350 
CT=O.O MAN4360  
I F  (ABSIX(lr6)-105707Y63268).G~~l*~-~) GO T O  2 b 0  MAN4370  
CS=L'.O MAN4380  
CONT 1 NUE MAN4 3 9 0 
T R ( l t l ) = C S * C T  MAN4400  
T R (  2 r 1 )=CT*SS MAN441 0 
T R ( 3 r l ) = - S T  MAN4420  
TH( 1 9 2  )=-SS*CP+CS*ST*SP WAN4430 
TR(2*2 )=CS*CP+SS*SP*ST MAN4440  
T R ( 3 * 2 ) = C T + S P  MAN4450  
T R (  l r 3 ) = C S * S T * C P + S S * S P  MAN4460  
TR(2*31=SS*ST*CP-CS*SP MAN4470  
T R ( 3 r 3 ) = C T * C P  MAN4480  
1.86 
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M A N 4 4 9 0  
M A N 4 5 0 0  
M A N 4 5 2 0  
M A N 4 5 1 0  
M A N 4 5 3 0  
M A N 4 5 4 0  
MAN45 50 
M A N 4 5 6 0  
M k h 4 5 7 0  
M A N 4 5 8 0  
M A N 4 5 9 0  
M A N 4 6 0 0  
M A N 4 6  10 
M A N 4 6 2 0  
M A N 4 6 3 0  
M A N 4 6 4 0  
M A N 4 6 5 0  
M A l u 4 6 6 0  
M h N 4 6 7 0  
M k W t b d O  
M A h 4 6 9 0  
M A N 4 7 0 0  
M d N 4  710 
M b4 4 7 2 0 
MAN47 3 0  
MA N 4 7  4 0 
M A N 4 7 5 0  
MA lu 4 7 6 0 
MAh4770 
M A N 4  7 8 0 
MAN4 I90 
MAN 4 80 0 
MA114810 
M A I i 4 8 2 0  
M k l u 4 8 3 0  
M AN4 8 4 0 
M A l u 4 8 5 0  
M A N 4 8 6 0  
M AN4 8 7 0 
MA 1\14 8 8 0 
M A N 4 0 9 0  
MAN4 Y 0 0 
M A N 4 9 1 0  
MAlu43.20 
C l k N  4 9 3 0 
14 &i44 Y 4 0 
li'lA N Q Y 9 0 
M Ah 4 Y 6 0 
MAIv4 9 7 0 
MAN4 980 
PA N 4  9 9 0 
F A N 5 0 0 0  
MA1450 LO 
% A N 5 0  2 0 
M A h 5  0 3 0  
M h N  5 0 4 0  
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3 5 0  
3 6 0  
3 7 0  
38 0 
390 
4 1 0  
C 
C 
C 
C 
C 
4 2 0  
4 3 0  
440 
4 5 0  
460 
IF ( X V F ( 2 ) )  3 7 0 r 3 5 0 9 3 7 0  
IF ( X V F ( 1 ) )  3 7 0 9 3 6 0 t 3 7 0  
S I GMA=O e 
GO TO 380 
SIGMA=ATAN2(XVF(2)rXVF(l))*DEGKAD 
CALL SETUP 
NN=6 
DO 4 0 0  1 ~ 1 9 6  
NN=NN+l 
I F  ( U A T A ( N N I )  4 0 U * 3 9 0 * 4 0 0  
I R L M = ( I - 1 ) * 7  
CALL lNUPG ( 1 6 5 + 1 R L k l )  
C A L L  1 NUPD ( 2Y8+ 1 KLM 1 
CON T I NUL 
DO 410 I = 7 r 1 9  
I R L M = ( I - l  ) * - I  
CALL INUPD ( 3 2 + I R L M )  
C A L L  INUPD ( 1 6 5 + 1 R L M )  
CONT I NUE 
PLACE T IME IIISTORY VAKIABLLS I N  IhTLGKATION PAKAMLTEK L I S T  
PUHPOSC TU COhTRuL V k k i  AbLLs WkIkN I N T Z G I I J ~ T  I G N  UI jCKS UP 
C A L L  INUPD ( 3 4 9 )  
CALL IlvUPD ( 3 5 6 )  
C A L L  INUPD ( 3 6 3 )  
CALL INUPD ( 3 7 0 )  
CALCULATE ALL HIGHFST DERIVATIVES FOR EACbI EQUATION 
DO 4 3 0  1 ~ 1 1 6  
F F (  I ) = 0 * 0  
GZ=16 .137E- l l *PLTMAS/ ( -ZF+PLTHA0)"+2  
X A G = X ( l r Y ) * G Z  
Y A G = X ( l r l 2 ) * G L  
Z A G = X ( l r l 5 ) * G L  
CALL  P H Y S l  
CALL  AERO1 
XN=FF(l)/(XMkSST*32.147) 
Y N = F F ( 2 ) / ( X M A S S T * 3 2 . 1 4 7 )  
ZN=FF(3)/(XMASST*32ol47) 
X D D ( l ~ l ) = F F ( l ) / X ~ ~ S S T + X ~ ( l ~ 2 ) * X ~ ~ l ~ 6 ) - X D ~ l ~ 3 ~ * X D ~ l ~ 5 ~ ~ X ~ ~  
XDD(1,2)=FF(2)/XMASST-XD(l~~)*XD(lr6)+XD(lt3)~XD(lt4)+YAG 
X D D ( l r 3 ) ~ F F ~ 3 ~ / X M A S S T + X D o Y X D ( 1 , S I ~ X D ~ l ~ 4 ) * X D ~ l ~ Z ~ + Z A G  
60 TO ( 4 4 0 r 4 9 0 ) ~  NCONST 
IF ( M M I C )  4 6 0 ~ 4 5 0 , 4 6 0  
NCONST=2 
GO TO 4 7 0  
T L M P ( l r l ) = X X I b  
T E M P ( l r 2 ) = - X Y l D  
T E M P ( l r 3 ) = - X Z I D  
T E M P ( Z , l ) = - X Y I D  
TEMP ( 2 s 2 1 = Y  Y I D 
T E M P ( 2 t 3 ) = - Y Z I D  
T E M P ( 3 r l ) = - X Z I D  
T E M P ( 3 * 2 ) = - Y Z I D  
M AM 5 0 5 0 
MAN5060 
MAN5070 
MAN 5 0 8 0 
M AN 5 0 9 0 
KAN5100 
NAN5110 
MAN5120 
MAh5130  
MAN 5 1 4 0 
MAEU5150 
MLil!J 1 6 0  
MAN5170 
MAN5180 
MAh5190  
MAN5200 
MAN5210 
MAN5220 
MAN5230 
MANS240 
MAN5250 
MAN5260 
MAN5270 
MAN5280 
MAi\(5290 
MAN 5 3 0 0 
MAN531 0 
MAN 5 3 2 0 
MAN5330 
MAN5340 
MAN 5 3 5 0 
MAN5 3 6 0  
WAN53 7 0  
MAN5380 
MAN5390 
MAN 5 4 0 0 
MkN5410  
MAN 5 4  2 0 
M A k 5 4 3 0  
MAN5440 
MAN54 90 
MAN5460 
MAN5470 
MAN 5 4  8 0 
MAN 5 4 9 0 
YAN5500 
MAN5510 
MAN5520 
MkiU 5 5 3 0 
MAN5540 
MAN5550 
MAN5560 
MAN5570 
MAN55 8 0  
MAN5590 
MAN5600 
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470 
480 
'490 
5 0 0  
5 1 0  
5 2 0  
5 3 0  
5 4 0  
5 5 0  
560 
5 7 0  
580 
5 9 0  
M A N 5 6  10 
M A N 5 6 2 0  
M A N 5 6 3 0  
M A N 5 6 4 0  
M A h 5 6 5 0  
M A N 5 6 6 0  
MAl\ i56 70  
M A N 5 6 8 0  
M A N 5 6 9 0  
M A N 5 7 0 0  
M A N 5 7 1 0  
M A N 5 7  2 0 
M A N 5 7  30 
M A N 5 7 4 0  
M A N 5 7  5 0  
M A N 5 7 6 0  
M A N 5 7 7 0  
M A X 5 7 8 0  
i r l A N 5 7 9 0  
M A N 5 8 0 0  
M A N 5 8  10 
M A N 5 8  2 0 
M A N 5 0 3 0  
M A l u 5 8 4 0  
MAlu58 50 
M A N 5 b 6 0  
MAPi5870 
M H l u 5 8 8 0  
M A N 5 8 9 0  
M A N 5 9 0 0  
M A N 5 9 1 0  
M A N 5 9 2 0  
M A N 5 9 3 0  
MAN 5 9 4 0 
M A N 5 9 5 0  
M A N 5 9 6 0  
M A N 5 9 7 0  
M A N 5 9 8 0  
M A h 5 9 9 0  
M .4fq 6 0 0 0 
M A N 6 0  10 
M A l r 6 0 2 0  
M A N 6 0 3 0  
M A N 6 0 4 0  
M A N 6 0 5 0  
M A N 6 0 6 0  
M A N 6 0 7 0  
MA N 6  0 8 0 
M A N 6 0 9 0  
M A N 6 1 0 0  
M A N 6 1 1 0  
M A N 6 1 2 0  
M A N 6 1 3 0  
M A N 6 1 4 0  
M A l v b l 5 0  
M A N 6 1 6 0  
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600 
610 
620 
630 
640 
650 
660 
670 
660 
690 
7 i~O 
710 
720 
7 30 
740 
APPENDIX B 
7 5 0  
760 
710 
780 
790 
860 
810 
820 
8 3 0  
840 
8 5 0  
M A N 6 7 3 0  
MAN6 7 40 
M A N 6 7 5 0  
M A N 6 7 6 0  
MAN6 7 7 0 
M k N 6 7 8 o  
I A A  N 6 7 9 0 
MHNb 600 
M A N 6 6  10 
M A h b U 2 O  
M A N O 8 3 0  
MANb&4O 
M Ah6 8 5 0 
MA(U6860 
M A N 6 8 7 0  
MA 116 U 8 0 
MAhtj6 40 
M A N 6 9 0 0  
M k l Y b Y l O  
MI* N 6 92 0 
M H N b Y 3 0  
M A N 6 9 4 0  
M A N 6 9 5 0  
M A N 6 9 6 0  
M A N 6 9 7 0  
M A N 6 9 8 0  
M A N 7 0 0 0  
M A N 7 0 2 0  
M A N 7 0 3 0  
MAN 7 0 4 0 
MAN 7 0 5 0 
M A N 7 0 6 0  
M A N 7 0 7 0  
M A N 7 0 8 0  
MAN 7 0 9 0 
M A N 7 1 0 0  
M A N 7 1 1 0  
MAN7 1 2 0 
M A N 7 1 3 0  
>!A N 7 1 4 0 
M A N 7 1 5 0  
M A N 7 1 6 0  
M A N 7 1 7 0  
M A N 7 1 8 0  
MAFu7190 
M A N 7 2 0 0  
M A h 7 2 1 0  
M A N 7 2 2 0  
MAN7 2 3 0 
M A N 7 2 4 0  
M A N 7 2 5 0  
M A N 7 2 6 0  
M A N 7 2 7 0  
MAN 7 2 8 0 
MA ~6 3 9 o 
MAN 70 1 o 
APPENDIX S 
860  
8 7 0  
8 8 0  
v90  
900 
910 
920 
930 
C 
C 
940 
C 
9 5 0  
960 
970 
980 
990 
THETAL=-ASIN( x r w i d L )  +UEGRAD 
I F  ~ A B S ( T R ( 2 ~ 1 ) ) + A B S ( T H ( l ~ l ) ) . N E . O . O )  50 TO 0 7 0  
1 C O N T z P H l  P /  71;. 
P H I = 9 0 e * I C O N T  
I C O N T = P S I P / 7 0 .  
PS 1 ~ 9 0 .  * I CONT 
I F  ( S L O P E o N E o G c O )  (io TO 8 8 0  
P S I  L = P s  I 
PHI  L- PI-l I 
GO TO d90 
P S I = A T A N 2 ( T K ( 2 r l ) r T K ( l * l ) ) ~ ~ ~ ~ K A @  
PHI=ATANZ(TR(3,2),TH(3,3))+UEGRA@ 
P S 1 L = A T A ~ 2 ( T K L ( Z t l l r T K L ( l , l l ) * ~ ~ G ~ / ~ i )  
P H I L = k T A N Z ( T I I L (  392) r T R L ( 3 9 3 )  ) * D E G h A O  
C O N l = T O T G V + l . E - l U  
P S 1  P = P S I  
P H I  P = P H I  
G A M A = A S I N ( - X V F ( 3 ) / C O K l ) * C b . G R A D  
I F  ( X V F ( 2 ) )  9 2 0 9 Y 0 0 , 9 2 0  
I F  ( X V F I I I I  9?0* ’2109920 
S I GMA=O o 
GO TO Y30 
S I G N A = A T A N Z ( X V F ( 2 ) , X V F ( l )  ) *DEGHAD 
A L T = - X ( l r l B )  
R A N G E = X ( 1 , 1 9 )  
X F = X ( 1 * 1 6 )  
Y F = X (  1 Y 17 1 
Z F = X ( 1 , 1 6 )  
X L S = X F  
Y L S  :: y F *CS L P -  Z F * SS L I’ 
Z L S = Y F + S S L P + L F + C S L P  
T L S V = S Q R T ( X L S Q + 2 + Y L S * ~ Z )  
I F  ( I h 3 b A C e E Q . O )  b O  TU 940 
R E S L T  S A V l D  T I M E  I I I S T O R Y  V A R I A Y L E S  F O R  S T R G K E *  
PSTTM, ANL, P E L S T  
P E L S T = S P t L S T  
P S T T M = S P S T  Ti4 
S A V S T B = S A V S T 2  
S A V S T A = S A V S T  1 
1 NDBAC=i) 
GO TO 420 
I F  ( I F I N )  9 8 0 , 9 5 0 9 9 8 0  
I F  ( [ V A L )  9 7 0 r 9 6 0 9 9 6 0  - 
K O U N T 1 = K O U N T 1 + 1  
I N O A C L  = 1 
GO TO Y80 
I N D B A C = l  
C A L L  CUT 
I V A L  e L T o  0 I M P L I E S  I N T E G R A T I O N  UACKUP ON V A R I A i 3 L E  S T E P  
I F  ( J C U T . L T . 0 )  GU TO 1170 
I F  ( I N D A C L o E O . 0 1  GO’ TO 1000 
I F  (ACLR.GE.O.0) GO TO 990 
W R I T E  ( 6 r 1 3 6 0 )  ACLR 
I N D A C L = O  
GO TO 2 0  
C O N T I N U E  
MAN 72’30 
MAN 7 3 0 0 
M A l u 7 3 1 0  
M A N 7 3 2 0  
N 7 3 3 0 
M A N 7 3 5 0  
M A N 7 3 6 0  
M k l r j 7 3 7 0  
M A N  7 3 8 0 
MAN7 3 Y O  
M A N 7 4 0 0  
M h N 7  4 1 0 
MAN 7 4 2 0 
I4 A IU 74 3 0 
MAN 7 4 40 
MAIY7450 
M A N 7 4 6 0  
M A l l  747 0 
N ~ N 7 4 8 0  
M A N 7 4 9 0  
MA W 7 5 0 0 
M A N 7 5 1 0  
MAN7 5 2 0 
14 A Pi 7 5 3 0 
M A N 7 5 4 0  
N A N 7 5  5 0  
M A  N 7 5 7 0 
MAN75 90 
MAN7 600 
MAK 76 10 
MAK 7620 
M A h 7 6 3 0  
biA N 7 6 4 0 
MA i 4  7 b 5 0 
Mkl.r76GO 
M k h 7 6 7 0  
MAh7 b o 3  
MAK tb90 
M i \ h 7 7 0 0  
W A N 7 7 1 0  
Eiklu7 7 2 0  
M k  lu 7 7 3 0 
M A h  17 40 
M A N 7 7 5 0  
M n N 7 7 6 0  
MAN7 7 7 0  
M k W 7 7 0 0  
 MAN^ 7 90 
MAh7UOO 
~ A ~ 7 0 1 0  
MAN70 2 0  
~ k N 7 8 3 0  
~ ~ N 7 0 4 0  
M ?* N 7 3 4 0 
P ~ A  h’ 7 5 6 0 
M At\ 7 5 8 0 
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M A N 7 8 5 0  
M W 7 8 6 0  
MAN 7 ti 7 0 
M A N 7 8 8 0  
MAN 7 0 90 
M A N 7 9 0 0  
C KuMBER OF V A K I A U L t S .  M A N 7 9 1 0  
1 3 2 0  I F  ( J C U T o E Q e L O C S T R )  GO TO 1 1 4 0  M A N 7 9 2 0  
90 1030 1=193 M Ai.c 7 9 3 0 
X L P F ( I ) = O o O  M A N 7 9 4 0  
DO 1 0 3 0  J = 1 * 3  M A N 7 9 5 0  
X L P F ( I ) = X L P F ( I ) . ~ T K L ( ~ , J ) ~ X P F ( J I  MAN 7 9 6 0 
1930 A N G ( I , J ) = A C O S ( l R L ( l t J ) ) * ~ t ~ R ~ ~  M A l u 7 9 7 0  
MAl\17 9 8 0 C A L L  P R I N T 2  
I F ( NMBNC o EL!. IGMUhCS 1 ti0 TU 11 2 0  MAN 7 9 YO 
I F  ( J C U T )  1 1 7 0 , 1 1 8 0 , 1 0 4 0  M A N 8 0 0 0  
l u 4 0  L O C A = ( N S A V ( J C U T I - 1 3 ) / 6  MANU 0 1 0 
60 TO ~ 1 ~ ~ ~ t 1 ~ 6 0 t 1 ~ 7 0 r l O U O ~ 1 ~ ~ ~ ~ 1 0 Y ~ 9 1 1 0 0 9 1 1 1 0 ~  9 LOCA MAlu t r020 
1 0 5 0  W R l l E  ( 6 9 1 3 8 0 )  T MAN H 0 3 0 
GO TO 1130 MANM040 
l i)hi:  W R I T E  ( 6 9 1 3 9 0 )  X ( 1 9 1 9 )  M A N 8 0 5 0  
GO TO 1130 M A K t i 0 6 0  
l u 7 0  W R I T E  (6914(>0 )  X L ) ( 1 , 1 8 )  H Alu 6 0 7 0 
MANbOBO GO TO 1 1 3 0  
1080 W R I T E  ( 6 9 1 4 1 0 )  X U I l r L b )  M A N 8 0  Y 0 
GO TO 1130  MAr\tS 100 
1UYu P ; R I T E  ( 6 , 1 4 2 0 )  X U ( 1 9 1 7 )  M A N t r 1 1 0  
GO TO 1130 MA lu b: 1 2 0 
10'95 W R I T E  ( 6 9 1 4 3 3 )  X U ( 1 9 4 )  M A l u d l 3 0  
GO TO 1130 MAlrt,  140 
1103 W R I T E  ( 6 9 1 4 4 0 )  X C ( l t 5 )  M k K b  1 5 0  
GO T O  1130 M A N b l 6 O  
l l l C  W R I T E  ( 6 , 1 4 5 0 1  X 3 ( 1 , 6 )  M A N 8 1 7 0  
GG T L  1130  M A h o l 8 O  
1 1 2 0  W R I T E  (6,146;)) NiYBNC MANS1 YO 
M A N 6 2 0 0  
MHNd.2 LO 
113C: W R I T E  ( 6 9 1 3 7 0 )  
GO TG 2 3  
MAluU220 
MAlub.230 
1 1 4 0  I F  ( INL, (LOCSTI<)e IJLr .O)  GO Ti, 1 1 5 0  
c 
c I h T t G I ? A T I O k  CUTOFF O h  S l i < U k t  = 0 ,  K L b t T  I A D l L A T c i l t S  T U  ivlHlvOL40 
C CUT OFF I N T t b R A r I O N  W I T H  TORUS LIFTL-Ukk M A N O L S O  
IND(LOCSTK)=l M A N  b 2 6 0 
GO TO 1160 MANU 2 8 0  
C L I F T - O F F  M A N 8 2 9 0  
C CUT OFF I N T E G R A T I O N  W1 T t i  TORUS T 0 U C ~ i - O O b i f i  MAN8 3 10 
1 1 5 0  I N D ( L O C S T R ) = O  MAN8 3 2 0  
M A N 6 3 3 0  
XS(LOCSTK)=O.O M AI\& 3 40 
116u C A L L  S E T U P  M A l u S 3 5 0  
GO TO 4 2 0  M A N 6 3 7 0  
c C U T O F F  XANt i3Y0  
M A N S 4 0 0  1170  K O U N T 1 = - 8 2 0 0  
1- 0 UC H - LiO W N 
X S ( L O C S T R ) = - 3 . * C ~ T C R H  MAN827 O---- 
C I N T t G H A T I O N  C U T O F F  ON S T R O L E  . b T .  09 k E S k T  I I u I I I C A T O H S  TO I4ANM300 
N MB t.1 C = KI4b NC + 1 
& O U N T l = K U U N T 2 - 1  MANa360 
C K o u N T i  = -uzco (AI~L)ITNAHY C I J ~ L T A ~ L T  i 9  P K ~ V E ~ T A  PKII<TI,XG u i q r I L  I+ilqo3aO 
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ACLR=O.O M A N 8 4 1 0  ' 
I N D U A C = l  M A N 8 4 2 0  
GO T O  740 M A N  8 4 3 0 
M A N 8 4 4 0  1180 C A L L  U P D A T  
c .  I N T E G R A T I O N  E A C K U P  R E O U I K E S  A R E T U R N  T O  2 F O R  V A R I A B L E  S E T U P  M A N 6 4 5 0  
I F  ( I N D B A C . N E . 0 )  GO TO 740 M A N 8 4 6 0  
GO TO 420 M A N 8 4 7 0  
C M A N 8  4 8 0 
1190 F O R M A T  (*l*, M h N 8 4 9 0  
* 4 4 X *  C R U S H A B L E  T O R U S  L\SADS A W  h 0 T I O I . j S  P R O G R k i j l x  / M A N 5 5 0 0  
it 3 9 X + M A S T E R  AGREEMENT,  C O N T R A C T  N A S 1 - 8 1 3 7 ,  T A S K  O R l j E R  N O *  1* / M A i u B 5 1 0  
it 3 8 X * M C D O N N E L L  D O U G L A S  A S T R O N A U T I C S  COMPANY, E A S T E R N  D I V I S I O N * /  M A N 8 5 1 1  
* / / 6 1 X * I N P U T  D A T A * / /  1 M A N i l 5 1 Z  
1200 F O R M A T  ( 5 5 H  M A N 8  5 2 0 
1 )  M A N 8 5 3 0  
M A N 8 5 4 0  1210 FORI.1AT ( +  *,*KO MORE D A T A ,  E N D  O F  JOG * )  
1 2 2 0  FORMAT ( l X , 1 1 , 2 X , 1 3 , 2 X , b E 1 0 . 5 )  M A N 8 5 5 0  
1 2 3 0  FORMAT ( *O* , *CATA S U B S C R I P T * t 2 X 6 ( 4 X A 6 , 4 X ) )  M A N 8 5 6 0  
1 2 4 0  F O R Y A T  ( *  " , 2 0 X i t X S ( I ) + , 9 X i t I N D ( I ) *  M A N 8 5 7 0  
M A N 8 5 8 0  1 2 5 0  FORMAT ( 4 X , I 5 , 8 X , b E 1 4 . 7 )  
1260 FGRF'AT ( 1 H 1  ~ 1 O X ~ 6 0 H N O .  CiF C U T - O F F  VALLIES E h T E R c 3  A 5  Z t R O - P R O u L E c i  C M A h b 5 9 0  
1 A N N O T  P R L i C E E i j  1 MA h U 6 0 0 
1 2 7 0  FOKi4AT ( l X A 1 0 , 3 X I 5 , 1 X 1 5 )  
1280  FORMAT ( * O * , * P R I h T  P O S I T I O N  * ,14 , *  WILL C W T A I N  T h L  V A L U E  FROM f t  M A N 6 6 2 0  
M A N U 6 3 0  
M A N U 6 4 0  1 2 9 C  F O R M A T ( * O * , A l C , S X * E N D  O F  C A T A  L I S T * )  
1300 FORb:AT ( +  +,it----------ERROR----------VMIN = D A T A )  ill* = O* 1 M A N 0 6 5 0  
1310 F O R M A T  ( + l * , W  V E H I C L E  W E I G H T 9  ON E A R T H  = *,E14.7,*, ON P L A N E T  = * M A b i 8 6 6 0  
- M h l ~ U 6 1 0  
* * C O M I N T ( + f t I 5 , * )  i (1TH T H E  L A B E L  *,A10 ) 
1 9 E 1 4 . 7  1 K A N b 6 6 1  
1320 FORMAT (*'I* 9 1 6 X * M G V E N T S  AI4D PI IODL 'CTS C F  I N E R T  I A *  / M A N 6 6 7 0  
MA rU ir b 8 0 
1 it i t , 7 X i t Y Y I i t , l 3 X * X Z I * , 1 2 X " Y Y I D " ,  ; 2 X * X Z I D * /  M k N b b 9 0  
1 * * , 7 X X Z L I ~ , 1 3 X ~ Y Z I * , 1 2 X * Z Z I D i t ~  1 2 X * Y Z I 3 *  1 * M A N 8 7 2 1  
M A N  8 7 0 0 
1340 FORMAT ( *  *,+----------ERRcII----------TK ( * , 1 2 , * , * , 1 ; , * ) =  + , i i i 0 . 1 3 ~ A i q u 7 1 0  
M h N U  7 2  0 
1 1%. V E C T O R  T A K E S  U R I T  VECTOR FORt4* 1 MAW 8 7 4 0 
M A N 8 7 6 0  
M A h 8  7 7 0 
l H F T / S E C )  M A N 8  7 90 
1400 FORbiAT ( / / , l X , 2 5 H C U T  O F F  GN S U R F A C E  R A N G E = , F 1 0 . 4 , 1 X 9 Z ~ F T )  MANaBOO 
M i u b 8 2 0  
* * O * , 7 X * X X 1 * , 1 3 X * X Y 1 * ? 1 2 X * X X I ~ * ,  1 2 X * X Y I D * /  
1330 FORMAT ( * 0 * , 4 ( 1 X E 1 4 . 7 ) / *  * t 4 I l X E 1 4 . 7 ) / *  * ~ 4 ( 1 X E 1 4 . 7 ) )  
1 ,VECTCR T A K E S  U N I T  V E C T C R  FOR;4*) 
1 3 5 0  F O R H A T  ( *  U, * - - - - - - - - - -E I IKOR- - - - - - - - - -TAL(x , I2 , * ,12~ i t )=  * , E Z O e l j M A N d 7 3 0  
1 3 6 0  FORMAT ( / / r l X , 4 1 H C U T  O F F , C L E A R A N C E  L E S S  T H A N  A L L 9 W A b L E  B Y  ,F10.4) M A N 8 7 5 0  
1 3 7 3  FORMAT ( 1 P 1  
1 380 F O R X A  T ( / / 9 1 X 3 1 6 h C U T  O F F  ON T I :.:F= 9 F 10 4 9 1 X 9 7 h S E C O N  DS 
1190 F3R:,lAT ( / / , l X , ? O H C ! J T  O F F  ON T O T A L  V E L  R E L A T I V E  TO S U R F = , F 1 0 . 4 ~ 1 X , 6 M A N 8 7 8 0  
1410 FORMAT ( / / , l X , 3 5 H C U T  i iFF ON P A R A L L E L  T O  S U R F A C E  VLL=,F10.4t lX,6t IFTMAN8810 
l / S E C )  
1420  F O R X A T  ( / / 9 1 X , 3 6 1 4 C U T  O F F  ON D I S T A N C L  NORi,&L Tc) S U i ? F M C i = , F 1 0 . 4 * 1 X 9  W A N 0 6 3 0  
1 2 H F T )  M A N 8 8 4 0  
1430  FORt'AT ( / / ,  l X , 2 8 i l C i J T  O F F  ON L A N D E R  R O L L  RATE=,F10.4,3X,7HRAD/SEC) M A K O t i 5 0  
1 4 4 0  F O R M A T  ( / / , l X , 2 9 H C L J T  O F F  ON L 4 N D E R  P I T C H  RATE=,F10.491X,7HRAD/SEC)MAN8860 
1450  FORMAT ( / / i l X , 2 7 H C Y T  O F F  ON L A N D E R  YAW RATE=,F10 .491X,7HRAC/SEC)  , M A N 8 8 7 0  
1 4 6 0  F O R M A T  ( / / *  C U T O F F  O N  NUMBER O F  BOUNCES,  NLlI.IBER = * 9 1 5 )  M A N 8 8 8 0  
E N D  M k N 8 8 9 0 -  
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S U B l i O U T l N E  PCCUT ( I Y D I I Y Y C U ~ V A L * I U I R T ~  
U I M L N S I O l v  X ( 9 )  v X b i N l ( 9 l  
L i I M E N S I O i L  X S ( 9 ) *  I N D ( 9 ) r  l A D ( Y ) *  ; 4 A > l b C b ( Y ) ~  LOCi ' IAM(50)  
COMMON C O M I N T  ( 6 0 0 )  
E Q U I V A L E N C E  ( C O M I N T (  1 1 9  T 1 
E Q U I V A L E N C E  ( C O N I N T (  2 I 9  HMAX 1 
E Q U I V A L E N C E  ( .C(io'iINT( 3 1 9  t i 4 l N  I 
E Q U I V A L E N C E  I C O M I N T (  4 1 9  L K A X  1 
E Q U I V A L E N C E  ( COMINT( 5 1 9  HL 1 
E Q U I V A L E N C E  ( C O M l N T (  6 ) y  1 P  
L O U I V A L E N C E  ( C U M I N T (  7 ) *  I V A R H  
E Q U I V A L E N C E  ( C w i - i l N T (  U 1 9  IIVITH I 
E Q U I V A L E N C E  ( C O M I N T (  9 1 9  I F R N T  I 
E O U I V A L E N C E  ( COI.'bINT( 10 l F l k  
E Q U I V A L E N C E  ( COI'nINT( 11 ) i  [ V A L  
ECL!!?/ALENCE ( C D M I N T (  1 2  ) 9 I P T O T L  ) 
1 < Q u I V A L E N C E  ( C O M l h T (  13  I r  I P T A T L  
F:Ok)IVrtLENCE ( C C N I N T (  2 3 )  Y I K D  
E Q U I V A L E N C E  ( C O M J N T I  3 4 7 )  9 1 
t Q U I V A L E N C E  ( C O E i I N T (  3 8 4 ) ~  CUTERK 
L N T K Y  L O C  
E Q U I V A L E N C E  ( L W I N T (  1 4 1 9  X S  1 
ECUIVALENCE ( cor.:iNT( 3 8 5 1 ,  J 1 
I P T A  I L= I P TA T L+ i 
I F  ( I ? T A T L . L E . 9 )  GU TU 1 0  
W R I T E  ( 6 9 8 7 0 )  
STOP 
N P M U C D ( I P T A T L ) = I Y  
I A D ( I P T A T L ) = I Y D  
X S (  I P T A T L ) = C I J T V . ? L  
Ih!D( I P T A T L ) = I D I K T  
R E T U R N  
E N T R Y  I N U P D  
I P T O T L = I P T O T L + l  
I F  ( I P T O T L . L t * S O )  GO TG 20 
W R I T E  ( 6 9 8 8 ' 2 )  
S T O P  
L O C N A K  ( I P T O T L  = 1 YD 
HE TiJRPi 
E N T R Y  S E T U P  
I EKROR=L) 
I S T E P =  1 
1 =o 
I V A L = O  
HZ=HiYAX*2.**  (-It') 
I P T2=2 **I P 
I P T 1 = 0  
I P R N T = O  
I F I N = O  
I NL)RH= 1 
l t > 5 = 1  
I R 1 = 1  
I A L P = [ &  
L I S T = C  
I NUPD=O 
IF ( I M T H )  7 0 , 3 0 9 7 0  
PCT 10 
PCT 20 
PCT 30 
PCT 4 0  
PCT 50 
P C T  60 
P C T  70 
PCT 80 
P c T  Yo 
PCT 100 
PCT 110 
PCT 1 2 0  
PCT 130 
PCT 140 
PCT 150 
?CT 160 
PCT 1 7 0  
PCT 180 
PCT 190 
PCT 200 
PCT 210 
PCT 2 2 0  
PLT 230  
P C T  240 
P C T  2 5 0  
PCT 2 6 0  
PCT 2 7 0  
P C T  2 8 0  
PCT 2 9 0  
PCT 3 0 0  
PCT 310 
PCT 3 2 0  
P C T  330  
PCT 3 4 0  
P C T  350  
PCT 360 
PCT 3 7 0  
PCT 3 8 0  
P C T  3 9 0  
PCT 400 
P L T  410 
P C T  4 2 0  
PLT 430 
PCT 4 4 0  
PCT 4 5 0  
PCT 461) 
PCT 4 7 0  
P C T  480 
P C T  490 
P L T  500 
PCT 510  
PCT 520  
P C T  5 3 0  
P L T  540 
PCT 5 5 0  
PCT 560  
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30 
4 3 
R C  
9 I! 
1110 
1:o 
12c  
113 
14G 
150  
160 
170 
189 
1 Y O  
2 3 0  
210  
2 2 0  
l B 2 = 1  PCT 5 7 0  
J J = 7  PCT 580 
I U 3 = 2  PCT 590 
I SCNT=O PCT 600 
I H E T A = 3  PCT 610 
I GAM=- 1 PCT 6 2 0  
I F  ( I V A R H )  4 0 , 5 0 9 4 0  PCT b 3 0  
I B 4 =  1 PCT 640 
I E6=2 PCT 6 5 0  
GO TO 60 PCT 660 
I34=2 PCT 670  
186=1 PCT 680  
1137=1 PLT 090 
GO TO HG P L T  700 
I 8 2 = L  P L T  7 1 0  
JJ=6 ' P L T  720  
I E 3 = 1  PCT 7 3 0  
I 3 7 = 2  PCT 740 
H I I 2 = H Z / 2 .  PCT 7 5 0  
H = H D 2  PCT 7 6 0  
A l l l l = t ~ I Z / % 4 .  PCT 7 7 0  
K K T M E = T  PCT 7 9 0  
R E T  lJRN P C T  -300 
ENTRY I N T E G  PCT 8 1 0  
JJK I. = I Y + J  J- 1 PCT 820  
GO TO ( Y 0 ~ 1 3 0 ~ 1 4 0 9 1 5 0 ) ~  I b 5 P C T  t i30 
GG TO ( l O C ~ l l U , 1 2 0 ~ 1 0 0 )  9 I S T E P  PCT 8 4 0  
C O F I N T ( J J R 1  ) :CUMINT( i Y ) + H * C O X I N T (  iYD) PCT 6 5 0  
Cob', I NT ( J J R 1 )  =C.OK 1 K T  PCT b70  
RETLJRN PCT 880  
C O ~ I N T ( J J R l ) = C O M I N T ( I Y + ~ ) + H * C O ~ I ~ T ( I Y U )  PCT 8 9 0  
R E T U R N  P C T  '100 
l K I F I T (  J Y D + l )  ) + C O Y I N T (  IYO) 1 PCT Y 2 0  
R E T L  l4:< PCT 930 
CONT I NUE PCT 940 
COK I N T  ( 1 Y t 5 ) =COM I N T ( I Y Y 5 0  
' PCT Y60 
R E TUKPi P C T  970 
1( IYD+2)+COMlNT ( I Y 3 + 3 )  1 PCT 990 
X M = A J S ( C O i 4 I N T (  I Y  ) - C N l )  PCT 1000 
CCI.? 1 hT ( I Y = C N 1  + A 2  2 2  24+ ( COEl1 N T  ( I Y 1 - C N l )  P C T l O l O  
:F  ( i R 6 - 2 )  1 7 3 9 1 6 0 t 1 7 0  PCT 1020  
R E T U R K  P C T 1 0 3 0  
I F  ( C N 1 )  10U9200r180 P C T 1 0 4 0  
X M l = A O S ( X M / C N l )  P C T 1 0 5 0  
J F ( XM-XMl 1 200 9200 9 1'10 P C T 1 0 6 0  
XM=XM1 PCT 1070 
1 F ( X M - E M A X )  220  9 2 1 0  9 210 t ' C T l O d 0  
I F  (hZ.GT.HMIP4) 1V/ iL=-8300 PCT 1090 
I V A L = I V A L + l  P C T  1100 
RETURFi  P C T l l l O  
I F  ( X I \ ? - E M I N )  2 4 3 r 2 3 C t Z 3 0  PCT 1120 
A 2 2 2 2 = 1 Y e / 2 7 0 .  P C T  7 8 0  
H E  T URN P C r  8 6 0  
1 Y+ 1 ) +H*COM I N T  ( 1 Y .L, ) 
COfi  I N T ( J JR 1 ) =CO:.: 1 I\( T ( I Y i. 3 +H/ 6 rn * ( CUM 1 NT ( 1 Y 3+3 ) +2 .* ( COI4 1 l u T  ( I .YD+2 1 +COPCT Y l  0 
+ A  1 1 1 I* ( 5 5 *CUM I N T ( 1 Y D - 5'9 e "COi4 I N T  ( I Y D+ 1 ) + 3 P C T  
1 7 * C ON I N T ( I Y I) + 2 ) - 0  * C L bt I Pi T ( I Y U + 3 1 ) 
C k  1 = C G M  1 FIT ( I Y +  1 1 + A  11 1 1 * ( 9. sCCP11 N T ( 1 YD 1 -+ 1 Y *CUI41 NT ( I Y D+ 1 ) -5 *COM I N T  PCT 980 
1.96 
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2 30 
240 
250 
260 
270 
280 
290 
' 390 
310 
320 
330  
3 4 0  
350 
360 
3 70 
380  
390 
4 J O  
410 
4 2 0  
4 3 0  
440 
450  
460 
I V A L = I V A L + l  
R E T U R N  
E N T R Y  U P D A T  
I F I N = 1  
I F  ( I P H N T )  2 6 0 r 2 5 0 9 2 6 0  
1 P T 1 =  I P T 2  
I F  ( 1 8 1 - 2 )  2709500,270 
I F  ( I A L P - 1 )  39092809390 
I=l+l 
I P T l = I P T l - l  
GO TO ( 3 6 0 9 3 0 0 ) 9  182 
I B F T A = I B E T 4 - 1  
1 A L P = 4  
I S T E P =  1 
I F I N = O  
I U 5 = 1  
GO TO ( 3 3 0 9 3 1 0 1 9  183 
DO 320 I M V E R = l ~ I P T O T L  
K!dVER=LOCNAK I I M V L R  I 
C O M I N T  (KMVER+l)=COMINT(KMVER+3) 
C O M I N T ( K M V E R + 2  l = C O K I N T ( K K V E R + 4 )  
COMI  N T  ( Kt4VE R+3 I =CONI N T  I KMVER+5 1 
C O M I N T  I K I * l V F R + 4  1 =COMI NT I KI.IVER+5 1 
CON I N T ( KPiV E 13 ) = CUI., I 1.1 T I hM V E t?+ 6 
GO TO 350  
DO 340 I M V E R = l s  I P T U T L  
KEl\/ER=I-OCNAM I I M V t R  1 
COM 1 N T  ( KMVEK I = COI~I NT ( ICMVLK+ 5 I 
C O M I N T ( K M V E H + l  ) = C O M I N T I K M V E H + 3 )  
I PRlv T = I P T  1 
RE TURN 
I F  ( I B E T A - 1 )  2 9 0 t 3 7 0 9 2 9 0  
I 0 1 = 2  
185=3 
I F I N = O  
I F  ( I V A R H )  3 8 0 t 3 1 0 9 3 8 0  
I 8 6 = 2  
GO TO 3 1 G  
H=H/Zm 
I A L P = I A L P - l  
I F  ( I A L P - 1 )  4 0 0 t 4 1 0 t 4 0 0  
I S T E P = I S T E P + l  
GO TO 420  
I 6 5 = 2  
I F  ( I A L P - 2 )  4 3 0 9 4 4 0 9 4 3 0  
T = T + H D 2  
GO TO 450  
H=HZ 
GO TO ( 4 6 0 * 4 R O I r  I H 7  
DO 4 7 0  I M V E R = l v I P T O T L  
Y; IVER=LOCNPbI(  I MVER 1 
C O M I N T I K M V E I < + 5  I = C O M I N T ( K h V t R + 4 )  
C O M I N T  ( K K V E R + 4 ) = C O M I N T ( K M V E R + 3 )  
COS1 NT ( K M V € R + 3  ) =COMI NT ( ICMVEX+2 I 
C U K I N T ( K M V E ~ + l ) = C O M I ~ ~ T ( ~ ~ V ~ R )  
C O M I  NT (KI.IVER+Z ) = C O M l  N T  I Kt.'IVER+l 1 
P C T 1 1 3 0  
PCT 1140 
PCT 11 50 
PCT 1160 
P C T 1 1 7 0  
P C T  11 80 
P C T 1 1 9 0  
PCT 1200 
PCT 12 10 
P C T 1 2 2 0  
P C T 1 2 3 0  
P C T 1 2 4 0  
P C T l Z  5 0  
P C T 1 2 6 0  
P C T 1 2 7 0  
PCT 1280  
PCT 1290 
P C T 1 3 0 0  
PCT 1 3  10 
P C T 1 3 2 0  
PCT 1330 
P C T 1 3 4 0  
PCT 1 3 5 0  
PCT 1360 
P C T 1 3 7 0  
P C T 1 3 8 0  
PCT 1390  
P C T 1 4 0 0  
P C T 1 4 1 0  
PCT 1420 
PCT 1 4 3 0  
P C T 1 4 4 0  
PCT 1 4 5 0  
P C T 1 4 6 0 
P C T 1 4 7 0 
PCT 1480 
P C T 1 4 9 0  
PCT 1500 
P C T l 5 1 0  
P ~ T 1 5 2 0  
P C T 1 5 3 0  
P C T 1 5 4 0  
P C T 1 5 5 0  
P C T 1 5 6 0  
P C T 1 5 7 0  
P C T 1 5 8 0  
P C T 1 5 9 0  
P C T  1600 
P C T 1 6 1 0  
P C T 1 6 2 0  
P C T 1 6 3 0  
P C T l b 4 0  
P C T 1 6 5 0  
PCT 1660 
P C T 1 6 7 0  
P C T 1 6 8 0  
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4 7 0  
4 8 0  
4YO 
500 
5 1 0  
5 2 0  
5 3 0  
5 4 0  
5 5 0  
5 6 0  
5 7 0  
5 8 0  
5 9 0  
6 0 0  
6 10 
6 2 0  
6 3 0  
6 4 0  
COM 1 N T ( KMVEli ) = COM I N T ( KM V E R 4.6 1 
GO TO 3 5 0  
DO 4 9 0  I M V E R = l , I P T O T L  
KMVER=LOCNAM ( 1 MVER 1 
COMINT(KMVER+31=COMINT(KM\’ER+2) 
C O M I N T ( K M V E R + Z ) = C O M I N T ( K M V E R c l )  
C U M 1  NT I KMVEK+ l )  =COW1 NT ( KMVLR ) 
COC’II NT (KMVEH )=CC)I.I lhT ( K M V i R + 5  1 
GO T O  350 
IGAM=-IGAM 
1F ( I G A M J  5 2 0 r 5 2 0 t 5 1 0  
I B5=4  
T=T+H 
GO T O  4 8 0  
1 6 5 = 3  
GO TO ( 5 3 0 ~ 5 4 O ) r  It34 
I P T l = I P T I - l  
I F I N = O  
GO TO 5 7 0  
I F  ( I V A L )  55095U0,550  
ISCNT=O 
I F  ( I V A L )  6 3 0 ~ 6 3 0 ~ 5 6 0  
I NDRH= 1 
I P T l = I P T 1 - 1  
1=1+1 
IFINzO 
I V A L = O  
GO TO 350 
I F  ( I S C N T - 2 )  5 9 0 9 5 9 0 , 6 0 0  
I S C N T = I S C N T + l  
GO TO 5 6 0  
I F  ( 2 * ( I P T 1 / 2 1 e t O ~ I P T l l  GO TU 560 
I F  (h- l iMAX) 6 1 0 1 5 6 0 ~ 5 6 0  
I P T 1 =  l P T l / 7 .  
I SCNT=O 
1BETA=3 
I ALP=4 
I 8 1 = 1  
I B5= 1 
I STC.P=1 
I NDRH=O 
I P T Z = I P T 2 / 2  
RKTME=T 
HDZ=t-I 
HZ =2.+H 
IFINZO 
I =o 
A 1  11 1 = H Z / 2 4  
GO TO 5 7 0  
I F  l I P T 1 )  5 6 0 ~ 6 4 0 ~ 6 4 0  
I U E T A = 3  
I ALP=4  
I S T E P = l  
1 6 1 = 1  
1 a 5 = 1  
I F  ( 1 - 3 1  6 5 0 9 6 7 0 t b 5 0  
P c T 1 6 9 0  
K T 1 7 0 0  
PCT 1 7  10 
PCT172o 
PCT1730 
PCT1740 
PCT175o 
PCT1760 
PCT1770 
P c T l 7 8 0  
PCT1790 
PCT1800 
P C T l 8 l O  
PCT 1 8 2 0  
PCT1830 
PCT1840 
PCT1650 
PCT 1860 
PCT1870 
PCTlSSO 
PCT 1 8 9 0  
PCT 1 9 0 0  
P C T l 9 l O  
PCT1920 
PCT1930 
PCT 1 9 4 0  
PCT 1 9 5 0  
PCT 1960 
PCT1970 
PCT 1 9 8 0  
PCTlY9O 
PCTLOOO 
PCTLOlO 
PCTLOZO 
PCT203O 
PCT2040 
PCT2050 
PCT2060 
PCT2070 
PCTZOUO 
PCTL090 
PCTZlOO 
P C T L l l O  
P C T L l 2 0  
PCTL130 
PCT2140 
PCT2150 
PCT2160 
PCT2170 
PCT2100 
PCT2190 
PCT2200 
PCT2220 
PCT2230 
PCT2240 
P C T ~ Z ~ ~  
RPPENSIX B 
6 5 0  
6 6 C  
6 ' I  0 
6 8 0  
b 9 0  
7 0 0  
7 1 0  
7 2 0  
7 3 0  
740 
7 5 0  
7 6 0  
770 
7 8 0  
7 9 0  
8 0 0  
8 1 0  
8 2 0  
e 3 3  
9 4 0  
T=T-H 
RKTMEr-T 
I P T l = Z * I P T l  
DO 660 I M V E R = l r l P T O T L  
KMVER=LOCNAl/:( 1 MVER 
COMINT ( K K V E R ) = C U Y I N T ( K ~ ~ V E H + l )  
GO TO 690  
T=RKTME 
I P T l = Z * (  I P T 1 + 3 )  
DO 680 I M V E K = l , I P T O T L  
KMV E R L O C  N A id( 1 MV E R 1 
COi4 I N I ( KNVEK ) = CCik I I\i T ( Kf 1V EN+4 
HZ=H/  2 o 
I F  ( H Z e L T m H K I N )  HZ=rlMII.l 
HD2=HZ/Ze  
H=HD2 
I P T 2 = 2 * 1 P T 2  
GO TO 6 2 0  
ENTRY CUT 
J= 0 
1 ERROR=l 
RETURN 
K =  1 
1 NDRH=--1 
I F  ( I F I N )  7 0 0 t 7 1 0 1 7 0 0  
I F  ( K - L E m I P T A T L )  GO TO '750 
I F  ( K - 1 )  730 ,700 ,730  
I K=K- 1 
DO 7 4 0  I = l * I K  
K t W E R = I A D (  I )  
X M N l ( I ) = C O Y I N T ( K M V E R )  
CONT I NUE 
GO TO 700 
KMVER= I AD ( K ) 
X ( K ) = C O M I N T ( K M V E R )  
X U = X S ( K ) + ( A B S ( X S ( K ) ) + l ~ ) * ~ U T ~ ~ ~  
X L = X S ( K ) - ( / \ U S ( X S ( K ) ) + l . ) * ~ U T ~ R ~  
I F  ( I N L ( K ) )  7 6 0 9 7 8 0 t 7 6 0  
I F  ( X (  K ) - X t J )  7 7 0 9 7 9 0 , 7 9 0  
I F  ( X ( K ) - X L )  82098209P10 
I F  ( X ( K ) - X L )  7 9 0 t 7 9 0 9 8 0 0  
K = K + l  
I F  ( K - 1 0 )  7 2 0 r 7 3 0 3 7 3 0  
I F  ( X ( K ) - X U )  8 1 0 9 8 2 0 9 8 2 0  
J= K 
I ERROR= 1 
RETURN 
T=T-HZ 
H Z =  ( H Z + (  XS ( K )  -XMIU l  ( K  
HZ=HZ/Z.  
I =o 
HD2=HZ/2  o 
H=HG2 
I F  (IEKROR.NE.0) GO TO 8 5 0  
KMVER=IAD(K)  
1 / ( X ( K  )-XivlNl (I; 1 1 / 2  
IF ( INDHH) a40,830,840 
P C T i 2 5 0  
P C T 2 2 6 0  
P C T 2 2 7 0  
P C T 2 2 8 0  
P C T 2 2 9 0  
P C T 2 3 0 0  
P C T 2 3 1 0  
P C T 2 3 2 0  
P C T L 3 3 0  
P C T 2 3 4 0  
P C T L 3 5 0  
P C T L 3 6 0  
P L T L 3 7 0  
P C T L 3 8 0  
PCT L 3 9 0  
PCT2400  
P C T 2 4 1 0  
P C T L 4 2 0  
P C T 2 4 3 0  
P C T L 4 4 0  
P C T L 4 5 0  
P C T 2 4 6 0  
P C T L 4 7 0  
PCTL4tlO 
P C T 2 4 9 0  
PCT25OO 
P C T L 5 1 0  
PCT 2 5 2 0  
P C T 2 5 3 0  
P C T 2 5 4 0  
PCT255O 
P C T 2 5 6 0  
P C T 2 5 7 0  
P c T 2 5 8 0  
P C T 2 5 9 0  
P C T 2 6 0 0  
P C T L 6 1 0  
P C T 2 6 2 0  
P C T L 6 3 0  
P C T 2 6 4 0  
PCT2650  
P C T 2 6 6 0  
P C T 2 6 7 0  
P C T 2 6 e 0  
PCTL6YO 
P C T 2 7 0 0  
P C T 2 7 1 0  
P C T L 7 2 0  
P C T 2 7 3 0  
PCT L 7 4 0  
P C T 2 7 5 0  
P C T 2 7 6 0  
P C T 2 7 7 0  
P C T 2 7 8 0  
P C T 2 7 9 0  
P C T 2 8 0 0  
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WR I T E PCT i B 1.0 
S T O P  P C T Z 8 2 0  
850 C O N T I N U E  P C T L 8 3 0  
A l l l l = H Z / 2 4 *  PC T 2 84 0 
1 SCNT = O  P C T . 2 8 5 0  
1 BE'rA=3 P C T L 8 6 0  
1 ALP=4 P C T 2 8 7 0  
I S T E P = l  P C T Z L i 8 0  
l B 1 = 1  P C T 2 8 9 0  
I B2=2 PCTZ9OO 
1 D 3 = 1  P C T L  Y 10 
1 R 5 = 1  P C T 2 9 2 0  
I87=2 P C T 2 9 3 0  
J J = 6  PCT.2940 
I P T  1 = 1000 P C T Z Y 5 O  
I P T 2 = 1 0 0 0  P C T 2 9 6 0  
I P R N 1 = 1 0 0 0  P C T Z 9 7 0  
R K T M E = T  P C T 2 9 8 0  
P C T 2 9 9 0  
P C T 3 0 0 0  K K V E R = L O C N A M (  I M V C K  1 
C OM I N T I KI4 V E R = C 01'4 1 N T ( KI.1 V E H+ 1 1 P C T 3 0 1 0  
I F I N = l  P C T 3 0 2 0  
J=- 1 P C T 3 0 3 0  
1 E R R O R =  1 PCT 3040 
R E T U R N  PL T 3050 
c P C T j O 6 0  
1370 FORMAT ( a  it,*---------- Jad T E I ~ I V I ~ ~ V A T L ~ ~  MOkE T1iAi.r l q I i \ l t  C A L L S  T U  L U C P c T J 0 7 0  
I---------- * I  P i T 3 0 8 0  
8 8 0  F O R M A T ( +  *,*----------- JOB T E H K l f d A T E O t  IrKJkE T h A h  F I F T Y  C A L L S  TO * P C T 3 0 9 0  
1 , % I fqupD ---------- * 1  P C T 3 1 0 0  
I L L  TO C l J T )  P C T 3 1 2 0  
( 6 t 8 9 0 1 N AMBC D ( K 1 t C0i.i 1 N T ( K14V E H  ) 
DO 8 6 0  I M V E R = l , I P T O T L  
8 6 C 
890 FORMAT (181-1 C U T O F F  P A S S E D  BY 1A6r3H = t E 1 4 . 7 9 2 7 H  CIId THE I N I T I A L  C A P C T 3 1 1 0  
END P C T 3 1 3 0 -  
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SUBROUTINE A t R O  
COMMON COMI N T  ( 600 
tQUlVALENCE ( C U r l l N T (  55319 XCIACti ) 
LQUIVALENCE ( COI.IINT( 4 0 1 1 9  ALPhA ) 
EQUIVALENCE ( C O M I N T (  55219 Q 1 
LQUIVALENCE ( C U C i I N T (  40419 L t T A  ) 
C PROVIGL ALL D A T ~  t4t-w- r.rt CLLSAHY T O  DLFINI 
c Aff{ODYNAMlc 1 - d R C t . 5  AcTIhtC UN Tt iE  V t t i I C L t  
RE TUliN 
ENTRY AERO1 
CALL E N V l R l  
C D F F I N E  AERO F O R C E S  ON V t H I C L E  A T  T I M E = T  
X M A C I I = O  
Q = O  
ALPHA = O  
U C T A = O m  
RtTUKk 
k N D  
A t R  10 
AtH 20 
A t K  3 0  
Akt2 40 
A t H  50 
A t H  60 
AER 70 
A t R  i10 
A t R  9 0  
AER 100 
AER 110 
A t R  1 2 0  
A t K  1 3 0  
A t R  140 
A t H  1.50 
Atk 160 
A k k  170  
ALH 1130- 
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S U B R O U T I N E  L N V I R  
COMMON C O M l N T l  6001 
LQUIVALEkCE ( CC)PI INT(  5 5 4 1 9  SOUND 1 
E Q U I V A L t N C L  ( C O I b ~ I h T (  3 Y 8 ) ~  XFND 1 
t 3 U J V A L E N C E  ( C0IS:IKTf 3‘9919 YWNb 1 
E D U i V A L E h C E  I COb’ INT(  40019 Z’NND 1 
E Q U I V A L E N C E  ( C a k I N T (  38919 X W  1 
E Q U I V A L E N C E  ( C O M I N T (  3YO)r Y W  1 
E Q U I V A L E N C E  ( C O M I N T f  3 9 1 1 9  ZkI 1 
R E T U R N  
E N T R Y  t N V I R l  
c R E A D  L N V I H O N M t N T  D A T A  
C D t  F 1 NE GROGNU R t F  9 t N V  I N O h M L h T  AT T 1 I ~ c = T  
C XW=NURTh W I N O  Y\ i ’ \ ’= tAST W l i \ L  Z w = V t K T I C n L  W I N O  
SOUND=O * 
Xk’ND=O 
YWNb=O. 
ZWND=O 
X”= 0 
Y W = O .  
zw= c 
R E T U R N  
END 
t N V  10 
ENV 2 0  
EI%V 30 
E N V  50 
E N V  60 
E N V  70 
E N V  80 
E N V  90 
E N V  100 
E N V  110 
E N V  120 
t N V  130 
t i Y V  140 
ENV 1 5 0  
E N V  160 
E N V  170  
klUV 180 
E N V  190 
E N V  200 
ElvV 210 
E N V  220  
E N V  230-  
Erhv 40 
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$ 10H RANGL 9 10H X C F ( 1 )  9 10l.lT VCLGCITY, lor1 
$ 1OH F S ( 1 )  9 1Oti X P F ( 1 )  9 10h F F ( 1 )  9 lor1 
3 1 O h  T F C ( 1 )  9 1 O H  t*NGLD 9 1OH oLANK I 1OH 
!b 1CH ACLR 9 1CH X C F ( 2 )  9 lo t1  YLGHAV 9 1 0 H  
$ 1 O H  F S ( 2 )  9 101-i X P l - ( Z )  9 l o i i  F F ( Z )  9 lor1 
$ 1 0 H  T F C ( Z )  9 l o t i  ANGLD2 9 10H bLANK 9 10H 
5 1CH cz  9 1 0 ~  X C F ( 3 )  9 1 O h  LLGKAV 9 1OH 
$ 1 0 H  ArJGLG3 9 1 O k l  X P F ( 3 )  9 1011 f F 1 3 )  9 l o t 1  
$ 1CH T F C ( 3 )  9 loll BLANK 9 1CH BLANK 9 1 O h  
I F  ( ( L P . L E . ~ ~ ) . A N C . ( L P . ~ J T * O ) )  bC T O  10 
W R I T t  ( 6 9 1 @ C )  Lp 
STOP 
T I T L C G  ( L P  ) =VN 
I F  ( L C e t i T . 0 )  ti0 TO 2 0  
WRITE (6,110)  L C  
STOP 
2 0  I S U B C b ( L P ) = L C  
RETURN 
ENTRY P R I N T 1  
1 CON TP= 10 ~ 
I P R I N T = 1 0  
GO TO 4 0  
3 3  ICONTP=b 
I P R I  N T = 6  
4 0 RETURN 
ENTKY P R I  k T 2  
CkLL SECOND ( T I lb i tcP  1 
1 P R I  NT=O 
10 
I F  ( IEKPKT.NE.0)  GO TO 3 0  
I F  ( iPRIPiT.h l r . * ICONTP) GLJ TO 60 
WHIT€ l 6 t 1 2 0 )  
WRITE ( 6 9 1 3 0 )  ( T I T L t G ( I ) r I = l r 3 6 )  
I F  ( 1ERPHT.EQ.O) (IC‘ TO 5 0  
XN 
FF ( 4 )  
oLkNK 
YN 
F F ( 5 )  
tjLANK 
ZN 
t F ( 6 )  
tiLANK 
9 PkT 2 4 0  
9 PKT 2 5 0  
9 P K T  260 
9 PKT 2 7 0  
9 PKT ZdO 
9 PRT Z Y O  
9 PdT 300 
9 PI<T 310 
/ PUT 3 2 0  
P K T  330 
PUT 3 4 0  
PKT 3 5 0  
PRT 3 6 0  
PliT 3 7 0  
PHT 3 8 0  
PKT 3Y0 
PdT 4 0 0  
PtiT 4 1 0  
PItT 4 2 0  
PRT 4 3 0  
PRT 4 4 0  
PHT 4 5 0  
PliT 4 6 0  
PRT 4 7 0  
PKT 4 8 0  
PKT 4 9 0  
PKT 5 0 0  
P K T  510 
PKT 5 2 0  
PHT 5 3 0  
PI17 5 4 0  
PUT 5 5 0  
PHT 5 6 0  
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50 
60 
73 
80 
Y O  
C 
100 
110 
120 
130 
1 4 0  
150 
Pl iT 7 8 0  
PIIT 7 9 0  
PRT 600 
P H T  8 0 1  
PKT 8 1 0 -  
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c 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
c 
i 
L 
c 
L 
1 :: 
2 0 
3c 
4 0  
5; 
hL' 
7 Cj 
bc: 
119 
121 
130 
143 
SOL 10 
SOL 2 0  
SOL 30 
SOL 40 
SbL 50 
SbL 60 
SOL 7 0  
SOL 80 
SGL 90 
S O L  100 
SOL 110 
SOL 1 2 0  
SOL 130  
SOL 1 4 0  
SGL 1 5 0  
SbL 1 6 0  
SOL 170 
SUL I d 0  
SOL 190 
SOL 200 
SUL 210  
SOL 220  
SGL 230  
SUL 2 4 0  
SOL 2 5 0  
SbL 2bO 
SUL 270  
SUL L b O  
SbL 290 
SdL 300 
SOL 310 
SUL 320 
SOL 330  
S L L  3 4 0  
SOL 350 
SOL 360 
SOL 370 
S J L  380 
SUL j Y 0  
SbL 400 
SOL 410 
SUL 4 2 0  
SUL 4 3 0  
SOL 440 
SUL 4 5 0  
SOL 4 6 0  
SUL 4 7 0  
SOL 4 6 0  
SUL 4 Y O  
S b L  500 
SUL 5 1 0  
SOL 520 
SOL 530 
SUL 3 4 0  
SUL 5 5 0  
SbL 560 
150 
160 
170 
180 
190 
2UO 
210  
2 2 0  
2 30 
' 24c  
2 50 
260 
270 
230 
2 9 0  
300 
310 
320 
330 
3 4 0  
SUL 5 7 0  
SOL 580 
SOL 590 
SUL b o 0  
SUL 6 1 0  
SOL 620 
SOL 630 
SSL 640 
SUL 650 
SOL 660 
SLJL 670 
SOL 600 
SUL 690 
SUL 700 
SOL 710 
SUL 720 
SUL 730 
SUL 740 
SClL 750 
S L L  7 0 0  
SOL 7 IO 
SOL 7d0 
SOL 790 
SOL 600 
SOL 810 
SUL 820 
SOL t130 
SUL 640 
SUL b50 
SUL 8 7 0  
SUL a b 0  
SLJL 690  
SUL Y O 0  
SUL Y 1 0  
SUL 920  
SUL 930- 
SOL 060 
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PhY 10 
IJ t IY  2 0  
PHY 30 
PHY 40 
PHY 5 0  
PiiY 60 
PHY 7 0  
PIiY oci 
PttY 90 
Pl lY 100 
PhY I10 
PtIY 1 2 0  
PllY 1 3 0  
PHY 140 
I'hY 150 
PHY 160 
PtiY I 70 
P I Y  l f j9  
PHY 140 
PnY L O O  
P t i f  L l G  
PHY L LO 
PHY L 3c 
PHY i40 
PriY " 5 3  
PHY L60 
PtIY 2 70  
PtiY 2 6 0  
PtiY LVO 
PriY 300 
PHY 310 
PHY 320 
PHY 5 3 0  
PHY 3 4 0  
PHY 350  
PHY 360 
PtiY 370 
PtlY 380 
PHY 390 
PHY 400 
PtIY Sl'J 
I ' t lY r ; ' C  
PHf 4 J 0  
PtIY 4Lc) 
r'nY 4 5 0  
PIiY A b 0  
PtIY 4 13 
Pt{Y 4 6 0  
PHY 4 9 0  
P I IY  500 
PnY 510 
PhY 5 2 0  
PtiY 5 3 0  
PHY 540  
PHY 3 5 0  
PHY 300 
PHY 57c 
PhY 5 8 0  
PHY 590 
PHY 600 
PHY 610 
PHY 630 
I’bIY 6/40 
PHY 650 
PtiY b70 
PHY b&O 
PHY 690 
PHY 7 0 0  
PHY 7 1 0  
PHY 7 2 0 
PHY 730 
PHY 740 
PHY 750 
PhY 760 
PhY 770 
PHY 7 8 0  
PriY 7 Y G  
PHY bo0 
PHY b 1 0  
PMY a 2 0  
PHY 830 
PI-IY G L k 3  
PIIY & S O  
PHY b G O  
PHY 0 7 6  
PtlY odO 
PIiY &YO 
PHY Y 3 0  
15 ( A I < b L . t  I t ’ n Y  Y i u  
PnY 9 2 0  
PriY 930 
PtiY Y 4 0  
PHY 350 
PHY 960 
PtiY 970 
PHY 9 8 0  
PnY O Y O  
PHY 1000 
PnY io10 
PhY J 523  
PtlY 1030.  
1’1 l Y  1040 
Pr lY1050  
PHY 1 0 6 0  
P n Y i o ’ r o  
PHY l0UO 
PIIY 1090 
PtiY 1100 
I’I iY 11 LO 
PtfY 1120 
PHY D L O  
P w  660 
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ANbLD3=Oo 
66 CONTINUE 
RETURN 
END 
PHY1130 
PHY1140 
PHY1150 
PHY 1160- 
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SUBROUT I ht: FORM 
D I M E N S I O N  X D ( 7 r 1 9 ) r  X C ( 3 )  9 X C F ( 3 )  
D I M E N S I O N  X Y L 1 ( 3 I r F K F ( 3 ) * F S S ( 3 )  
D I M E N S I O N  A ( 3 , 4 ) t A F R F ( 3 * 3 ) t X ? F O ( ~ ) * X P F X ( 3 ) r F N T ( 3 ) , ~ C ~ L T N ( ~ )  
D I M E N S I O N  A C T N ( 3 )  
D I M E N S I O N  X V F ( 3 ) *  T R ( 3 9 3 1 9  T R L ( 3 r 3 ) r  F F ( 1 9 )  
D I M E N S I O N  X P F [ 3 ) 9  X C D ( 3 ) 9  F S [ 3 ) 9  T F C ( 3 )  
COMMON C O M I N T (  600)  
E Q U I V A L E N C E  ( C O k I l u T (  5 1 9  Hi! 
E Q U I V A L E N C E  ( C O h I N T (  1 6 5 1 ,  XD 1 
E Q U I V A L E N C E  ( C O M I N T ( 3 4 4 ) 9  ZLS 1 
L Q U I V A L E N C E  ( C O M I N T (  4101, X Y Z I  1 
E Q U I V A L t N C E  ( C O M I N T (  4 1 6 ) g  XNASST ) 
E Q U I V A L E N C E  ( C O k I N T (  4361, XLGHAV 1 
E Q U I V A L E N C E  ( C G M I N T (  43719 YLGRAV ) 
E Q U I V A L E N C E  ( C O M I N T (  4 3 8 1 9  ZLGRAV 
E Q U I V A L E N C E  ( C O h I N T (  43919 PITX 
. E Q U I V A L E N C E  ( C O K I N T (  44019 N T Y  ) 
E Q U I V A L C N C €  ( CUPi IPIT(  4 4 1 )  9 NTZ 1 
E Q U l V A L E k C E  I CO:*llNT ( 442) 9 NRX 
E Q U I V A L E N C E  ( COb'iINT( 443! 9 ;'4l<Y 1 
E Q U I V A L C b i C t  ( C u l ~ l I h T (  4 5 5 1 9  F O h T T  ) 
LQUIVALEKE t c o M i r d T i  444) r a z  
E Q U I V A L E N C E  ( C U H I N T I  4 5 6 1 9  T O k T N  
E U U I V A L L N C L  ( C O i v I I N T (  4 5 7 1 9  A H T S U  1 
E Q U I V A L t h C E  ( COitII I \ IT( 45919 A N G L E  1 
E Q U I V A L E S C E  ( C O h I N T (  4601, A N G L E 1  ) 
t Q U I V A L E N C E  ( C O H I N T (  4 6 1 )  I A N G L E 2  
E Q U I V A L E N C E  ( COI* I INT(  462) 9 A N G L t 3  
E C k J I V A L t N C E  ( C O M I N T (  46319 Al<KObi 1 
E Q U I V A L E N C E  ( CUie l INT(  466) 9 AMU 
E Q U I V A L E N C E  ( C W ! I k T (  589) 9 l i A V  I 
E Q U I V A L E K L  ( CuiYiII'.cT( 5 4 3 )  9 XPF ) 
E Q U I V A L L b i C E  ( C W I N T (  546) 9 XCO 1 
t Q U I V k L k N C t  [ COMI i r lT l  54919 F b  
E Q U I V A L L N C L  ( CGE.iIfdT( 503)s XVF I 
t Q U I V A L E N C E  ( €dl~iIf41[ 506) r TK 1 
L Q U I V A L E N C L  ( C O N I N T (  5 1 5 1 ,  T R L  
t Q U I V A L E N C L  ( C U K I N T (  5 2 4 1 9  FF I 
E Q U I V A L E N C t  ( C U l r l l N T (  5 6 1 1 9  DCGKAD 1 
t Q U I V A L E N C E  ( COMIF;T(  5 6 2 1 9  ANGLO1 1 
E Q U I V A L E N C E  ( CO:d lNT(  563) * d N & L O Z  I 
E Q U I V A L E N C E  ( C O i $ i I N T (  564) 9 A N G L D 3  1 
E Q U I V A L E N C E  ( - C O M I N T (  5 8 1 1 9  V M I N  ) 
E Q U l V A L E h C E  ( C O K I N T (  58619 T F C  I 
L Q U I V k L E h C E  ( C U K I N T (  5 Y O )  t F l i I C T  
t U J I V A L E h C E  ( C O A I N T (  5 Y l  I ,  X C I  1 
DO 10 1 ~ 1 9 3  
X C D ( I ) = i J . 0  
X C (  I l = O .  
F S (  I )=O- 
F F ( I + 3 ) = 0 * 0  
10 F F ( I ) = Q a O  
C O N T 1 = 1 . 5 7 0 7 9 6 - A N G L t l  
OMEG3zO. 0 
DO 20 J = 1 9 3  
FHM i o  
F K M  20 
FRM 3 0  
FRM 50 
FHM 60 
FHM 70 
F K M  YO 
F l i M  loo  
F K M  110 
F K M  130 
F H N  40 
FRM 8 0  
F R M  120 
F K M  140 
F K M  1 5 0  
FRM 160 
FRM 170 
F R K  190 
FHM 210 
FHM 220 
FRC; 230 
F H H  240 
FRM 2 5 0  
FHM 260 
F K M  270 
FRbi  2 8 0  
F l i t4  300 
FRM 310 
FHiJi 320 
F R M  330 
F-kM 340 
FKf', 350 
Fk t l  360 
FN5! 3-10 
FH!4 3110 
F k M  390  
FHki 400 
F I I K  410 
FKM 4 2 0  
FHPI 4 3 0  
FHt4 4 4 0  
F l i M  450 
FRM 180 
FRM 200 
FRI.1 290 
FhK 460 
F K N  470 
F R M  480  
Flii.1 490 
FiiCl 500  
FKPi 5 1 0  
FliCl 520 
F H M  530 
FKW 540 
FI.it*, 5 5 0  
.FK;4 360 
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LV 
3 d  
6 0  
7 u 
Yc) 
3 ;J 
1 J O  
110 
130 
140 
23.3. 
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150 
160 
170  
180 
190 
200 
2 10 
220 
2 3 0  
240 
2 5 0  
260 
FN Cl113 0 
F R M l 1 4 O  
F K M 1 1 5 O  
F R M 1 1 6 0  
F R M 1 1 7 0  
F H M l 1 0 0  
F R M l 1 9 0  
F H M 1 2 0 0  
F R M l 2 l O  
F R M 1 2 3 0  
F RM 1 2 4 0 
F H M 1 2 5 0  
F R M l 2 6 0  
F RM 1 2 7 0 
F K M 1 2 8 0  
F H M 1 2 9 0  
F R M l 3 0 O  
F K M 1 3 1 0  
F K M 1 3 2 0  
F R M 1 3 3 0  
F R M 1 3 4 0  
F K M 1 3 5 0  
F R M 1 3 6 0  
F R M 1 3 7 0  
i R M 1 3 8 0  
T K M 1 3 9 0  
F R M 1 4 0 0  
F R M 1 4 1 0  
F K M 1 4 2 0  
F R M 1 4 3 0  
F I< M 1 4 4 0 
F R M 1 4 5  0 
FRM146O 
F R M 1 4 7 0  
F RM 14 8 0 
FR M 1 14 9 0 
f- K M  1500 
F R 14 1 5 1 0 
f K M 1 5 2 0  
F d M 1 5 3 0 
F R k I. 5 40 
FRf415 50 
F R P l l 5  60 
FKM1570 
F R M 1 5  8 0 
F R Ci 1 5 9 0 
F R M l h O O  
f: I? I416 10 
F R M 1 6 2 0  
F K t116 3 0- 
F R M 1 2 2 0  
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I K T  10 
C C K l J S H A f l L E T O R U S  I N E R T  I A C A L C U L A T I  ON I N T  2 0  
S U O R O l J T I h E  I N C R T  ( X Y Z I  1 
D I M E N S I O N  W (  20 1 * X  (201 r Y  (201 ,Z ( 2 0 )  9LiX ( 2 0 )  9WY ( 2 0 )  v W L  ( 2 0  r!rlXX (20 1 9  
1hY Y ( 2G 1 9 k'LZ ( 2 0  1 9 U I X ( 2 0  1 9 D 1 Y 1 2.3 1 9 D 12 ( 2 0  1 9 d X Y  ( 2 3 1 ,!//Xi! ( 2 0 1 9 # Y  2 ( 2 0  1 
I tqT  70 
1 hl 40 
D I M E H S I O I L  C i i 3 ( 1 0 0 ) r  XYZI(151 I N T  50 
COMMON C O M I N T (  GOO) I N T  60 
L O U l V A L E N C E  ( C U I ' ~ I N T (  4 1 6 1 ,  XKASST 1 I l :T  70 
t Q U I V A L t P i C C  ( C U k I N T (  4 & 5 1  9 A 1 I i G T  80 
E Q U I V A L L N C E  ( C U M I N T (  44619 b 1 I iJT 90 
1 I i i T  130 
E Q U I V A L E N C E  ( COP! INT(  44811 0 1 I I i T  110 
E O U I V A L t h C E  ( C O h I N T (  44419 E 1 I h T  120 
E Q U l V A L E h C E  ( C O M I N T (  4 5 0 1 9  F 1 l l v T  1 3 0  
E Q U I V A L E N C E  ( C O M I N T (  4 5 1 1 9  G' 
EQUIVALENCE ( COXINT( 4 5 2 ) .  r w x  I I J T  150 
E Q U I V A L E N C E  ( C D M I N T (  45319 HHOP 1 l I v T  160 
DO 1 u  1=19100 I I v T  1 7 0  
li, C R D I  1 )=O.O I N T  180 
DO 20 1 ~ 1 9 1 5  IhT 190 
20 X Y L I  ( 11=0. I i v T  ZOO 
CRU ( 5  1 = A  l & T  210 
C R b  ( b  1 =I3 I i l T  2 2 0  
C R U  (71 =C I N T  230 
C R D ( 8  ) = D  I h T  240 
C R U ( 9  1 = E  I I i T  250 
C R D (  101 =F I N 1  260 
C R D ( l l ) = G  I N T  270 
C R D (  12)=HHOL 1NT 2 6 0  
C R D ( 1 3 ) = R H O P  I N T  270 
C L I M I  TEH VOLUME AND W E I c j t i T  I N T  300 
V A = 4 . 9 3 * E * F * ( b - C + D + i 3 . 4 2 4 * r )  I t i T  310 
I N 1  320 V l 5 = 4 * Y 3 * l J * * 2 * ( G - C + O . 5 7 4 * b )  
I N T  3 3 0  V C = 6 . 2 U * U + ( t - ~ ) * ( G - C + O o ~ * ~ )  
l h T  340 V O = 4 . 9 3 * A * H * ( G + 0 * 4 2 4 a A 1  
IEtT 3 5 0  V L k = 6 . 2 8 * 8 * C * ( G - 0 . 5 * C )  
V L = [ V A + V B + V C - V D - V L t 1 * 2 . 0  I rJT  360 
I N T  370 
c P A Y L O A D  VOLUMC A N 2  v4EIGHT I N T  3 8 0  
V P A = 6 . 2 8 * G * * Z * B  I N T  3 9 0  
V P 6 = 9 *  8 7 * A * E *  ( G+O 4 2 4 * A  I N T  400 
V P = V P A + V P B  I N T  410 
I N T  420 
I N T  430 C R D ( 5 O ) = V A  
I N T  440 C R O ( 5 1  1 = V 6  
C R U (  52 ) = V C  I N T  4 5 0  
C R D ( S 3 ) = V D  I N T  460 
C R D (  5 5  1 = V P A  I N T  480 
C R D ( 5 6 1 = V P B  I N T  490 
DO 30 1=lr20 I N 1  5 0 0  
. w t  I )=0.0 I N T  510 
X (  I )=O.U  INT 520 
Y (  I1=0.U I N T  530 
Z (  I 1=0.0 I N T  540 
WX(  I )=0.0 INT 550 
)uY ( 1 )=0.0 IhT 560 
L O U I V A L E K C E  ( LLJPi l IhT(  44719 C 
1 I N T  i 4 0  
W L = H H O L * V L / 1 7 2 8 . G  
~-~ wP=RHOP*VP/  1728.0 
C R D 1 5 4 1 = V L E  I , \ T  470 
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INT16YO 
I I ~ T  17  10 
I tuT 1 7  2 0 
INT1730  
INT 1740 
INT 1750  
I I1 T 1 7 6 0 
IN11770  
1NT178O 
I NT 1790  
INT1800  
IKTl8lO 
1 NT 1820  
INT 1830  
lhT1840 
INT lM50 
I I\T 1860  
I luTLt l70 
INT l t lBO 
I N T I S 9 0  
1NT1900 
INT 1910 
I luT 192 0 
INT1930 
INT1940 
I N T I 9 5 0  
INT1960  
INT1970  
l l \ l T lY80  
INT1990  
I NT 2000 
INT 2010- 
I iUT  1700  
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S U B R O U T I N E  L D S T R  
COMMON C O M I N T (  6 0 0 )  
E Q U I V A L E N C E  ( C O M I N T t  10 ) *  IFIN ) 
E Q U I V A L E N C E  ( C O h l N T (  4 3 2 1 9  Z D L S  ) 
E Q U I V A L E N C E  ( C O M I N T (  3 4 8 1 9  S T R O K L  
E Q U I V A L L N C E  ( C O M I N T (  3 4 9 1 ,  S P E L S T  1 
E O U l V A L E N C t  ( C O h I N T (  3 5 6 ) .  S P S T T M  ) 
L O U I V A L E N C E  ( C O k l N T (  3 6 3 1 ,  S A V S T 2  ) 
E Q U I V A L E N C E  ( C U M l N T (  3 7 0 1 9  S A V S T l  
L Q U I V A L E N C E  C O M l N T l  4 5 5 ) r  FQFUTT ) 
E Q U I V A L E h C E  ( COMINT' t  4 5 6 1 9  T'ORTh ) 
E Q U I V A L E N C E  ( C O M I N T (  4 5 7 1 9  A R T S U  ) 
E Q U I V A L E N C E  ( C O M I N T (  4 4 5 1 9  A 
E Q U I V A L E N C E  ( COMINT( 4 4 6 1 9  B ) 
E Q U I V A L E N C E  ( C O M I N T I  4 4 7 1 9  C ) 
t i Q U I V A L E N C E  ( C O M l N T i  4 4 8 ) ~  D 1 
t Q U I V A L E N C E  ( C 0 f 4 1 N T (  4 4 9 1 9  k ) 
E Q U I V A L E N C E  ( COrVilNT( 4 5 0 1 ,  F 1 
L Q U I V A L E h C E  ( CWiIhT( 4 5 1 1 9  ti 1 
L Q U I V A L t i h C E  ( C W I I N T (  4 5 2 )  9 RHUL ) 
E Q U I V A L E N C E  ( C W I I I J T (  4 5 3 ) ,  RtiOP ) 
E Q U I V A L E N C E  ( C O l d I N T (  4 5 8 1 9  P S T T M  
E Q U I V A L E N C E  ( CGCI INT(  4 5 9 )  9 ANGLE 
E Q U I V A L E N C E  ( CCi l4 lNT(  4 6 3 )  s ARCIOH 1 
E Q U I V A L E h C E  ( CCiMINT(  46419 L L S T  1 
E Q U I V A L E N C E  ( COCI INT(  4'6519 K D l A  
E Q U I V A L E N C E  ( COI.IINT( 46619 AMU 
E Q U I V A L E N C L  ( C O M I N T (  4 6 7 1 9  XKW 
E Q U I V A L E N C E  ( C O M I N T (  4 6 8  9 DX 
L O U I V A L t N C L  ( COMINT(  4 6 9 1 ,  D T H t  1 
E Q U I V A L E N C E  ( Cbi" i I rVT(  4 7 0 ) *  ACLR ) 
k U U I V A L E N C E  ( C U M I N T (  4 7 1 )  9 HfijUKM ) 
E Q U I V A L E N C E  ( C O K I N T (  4 7 5 ) 9  P k L S T  
E Q U I V A L E N C E  ( CO:/IIFiT( 5 5 9 1 9  S k V S T a  
E Q U I V A L E h C E  I C O M I N T (  5 6 0 ) 9  S A V S T H  ) 
E Q U I V A L E N C E  ( C O M I N T (  5 8 5 1 9  S T H E F  1 
E Q U I V A L E N C E  ( CGlPl INT(  5 8 9 )  9 H A V  1 
L Q U I V A L E N C E  ( C O M I N T (  5 Y 4 ) 9  POU 1 
E O U I V A L E f i C E  ( C O I ' I I K T (  5 9 5 )  9 RSHCH 1 
S T T M = S T R O K E  
U E  1 = A N G L E  
T A N B E T = T A N ( U t T )  
C O S B E T = C U S I b E T )  
S I N B E T = S I N ( B E T )  
E Q U l V A L E h C E  ( C O M I N T (  4 7 2 1 9  L v S T R l  1 
I F  ( L D S T R 1 o G T . O )  L C  TO 1'2 
S A V S T A = O o O  
A A A A = A * A  
BBHB=H*H 
cccc=c*c 
DDOD=D*D 
E E E C = E + E  
FFFF=F*F 
bGGG=G *G 
P E L S T - t L S T  
PSTTM=c)oO 
LOD 10 
L O D  20 
L O D  30 
L O D  40 
50 
L O D  6.0 
LOO 70  
LOD 8 0  
L O D  90 
L O D  100 
L O D  110 
L O D  1 2 0  
LOD 1 3 0  
L O D  140 
LOO 150 
LOO 160 
LGD 1 7 0  
L O D  180 
LOD 190 
COD L O O  
L U D  2 1 0  
LOD 2 2 0  
L U D  2 3 0  
LOD 240 
L O D  2 5 0  
L O D  260 
L O U  2 7 0  
L O D  2 8 0  
L U D  2 9 0  
LU3 300 
L U D  310 
L O D  320 
L O D  330 
LCiD 340  
L O D  350 
LOD 360 
L O D  370 
L O U  380 
L D D  390 
L O U  4 0 0  
L U U  410 
L U U  4 2 0  
L U D  4 3 0  
LOU 4 4 0  
LUIJ 450 
L U D  460 
L O D  4 7 0  
LbL) 4 8 0  
LbD 4 9 0  
LOO 5 0 0  
Lc;D 510  
L O U  5 2 0  
L O D  530 
L O D  5 4 0  
L O D  550 
L O U  560 
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10 
211 
30 
40 
50 
C 
63 
76 
6 0  
90 
LUD 570  L D S T R l = l  
CFl=SQRT(EEEE+FFFF*TANBET*TANBET) L O D  580 
Y O I = C F l - S T T M / C O S B l l T + ( D - C . ) * T A N l 3 E T  L G D  590  
I F  ( B E T o G T o o O l )  GO TO 20 L O D  600 
C L E A R = E - b - S T T M  L O D  610 
GO TO 40 L O D  620 
I F  ( B E T o L T . 1 . 5 6 )  GO TO 3 0  LOD 630  
I F  ( B E T e G T o 1 . 5 8 )  GO TO 3 0  L O D  640 
C L E A R  = F+ 0-C- A- S T T M LUL, 650 
GO TO 40 LCID 660 
C L E A R = ( Y O l u T A N ~ E T - T A N ~ t T * S ~ R T ( U ~ B b + A ~ A ~ \ * T / ~ ~ o ~ T * T ~ N ~ ~ T ) ) / ( S I N ~ k T * ( l L U ~  670  
l . + T A N a E T * T A N d k T ) )  LOU b 8 0  
A L C L l = ( l . - S T R E F ) * ( S T T i ' i + C L E A R I  LOD 690 
A C L R - C L E A R - A M A X ~ ( A L C L ~ , R I J I A )  LOD 700 
I F  l A C L R o L T o O * O )  R L T U I I N  LUD 710 
I F  ( I F I N o N E o O )  GO TO 5 0  LOD 720  
S P  S T T M = P S T T M L G D  7 3 0  
S A V S T Z = S A V S T A  LOD 7 4 0  
S P E L S T = P E L S T  LOD 750  
S A V S T I = S T T M  LOD 760  
S A V S T B = S A V S T A  LOL, 7 7 0  
S A V S T A = S T T M  LUb 7 0 0  
I F  ( A b S ( ~ T T h - ~ S T T M ) o L t o l o ~ - 6 )  WJ TC, 00 LLU 190 
I F  (STTMoGT.SAVSTL3)  UO TO d0 L O O  t i00 
LUD d l 0  
I F  ( P S T T M - S T T V e G t o P E L S T )  GO TO 70 LOD 8 2 0  
FONTT=( l . - (PSTTM-STTM)/ I '€LST)*PFCINTT LOD 030  
T O H T N = ( l o - ( P S T T M - S T T M ) / P E L S T ) * P T 0 2 T N  LOD 840 
PFONTT=FONT r LOO I150 
P T O R T N = T O R T N  L O D  860 
PELS T = P E LS  T -PS T T M + S T TY L O G  870  
P S T T M = S T T M  L O D  880  
R E T U R N  LOU 890 
F O N T T = P F O N T T  LOU Y O 0  
LUU 'I10 T O R T h = P T O K T N  
R E T U R N  LOO 920 
F O N T  T=O 0 Lub 330  
T O R T N = O * O  LOU 940 
P T O H T N = O o O  LOD Y50 
PFONTT=C;*O LU3 960 
P S T T M = S T T M  L O D  970  
P E L S T n E L S T  LOO 980 
RETURF( LUL) 9 9 0  
F O N T T  =O 0 LUlJ1000 
L C I U l 0 1 0  TORTN=OoO 
ART SU=d C LLLI 1 Or! 0 
ARMOM=O. 0 LUlJ1030 
I=O.O L(I01040 
S I G M A = X K W + R ~ O L / ( S T H t F * l 4 4 ~ )  LUU1050 
THE=O 0 LOU1060 
T H E = T H E + D T H E  LUD1070 
C O S T H E = C O S ( T H t )  L O D 1 0 8 0  
ARSU=O -0 L O D 1 0 9 0  
FONT=O 00 L O D l l O O  
L O D l 1 1 0  X=O.O 
X l = O .  0 L b U l l 2 0  
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MOUNT = 1 LOO1 1 3 0  
PPS I =TANJE T * C L  5 T I  IL Lob1 1 4 0  
P h  1 =;\TAN ( PP 5 I 1 L U D 1 1 5 0  
S I N P S I = S I N ( P S I  1 L O 0 1  160 
C G S P S I = C O S ( P S I )  L O D l 1 7 0  
LOO1 1 8 0  T A N P S I = T A N ( P S I )  
LC;D1190 
S T T H - C O S P S I * S T T M / C O S f ~ E T + C O ~ l ’ ~ I * S ~ ~ T ( ~ E € . L + F ~ F ~ * T ~ N P S ~ * T / ~ N ~ S I ) - C ~ S P S L ~ D l 2 ~ 0  
LOG1210  
I F  (STTH.LE.O.0) 50 TO 3 3 0  LGD12 2 0  
I F  (THEmbT.3.14) GO TLJ 3 3 0  L U D 1 2 3 0  
FO 1=0.0 L U O  1 2 4 0  
FO2=0 0 LUi)lL 50 
TOHKN=O 0 L O 3 1  2 60 
TOKZN=O*O L O 0 1 2 7 0  
ARMOO=O 0 L O 0 1 2 8 0  
kRSZ=OoO L U U 1 2 9 0  
ARK2=O.U L u l l  300 
C F l = S O H T ( E E E t . + F F F ~ U T ~ N ~ S I * T A N P S I l  LOD131U 
Y O I = C F l - S T T H / C 3 S P S I  + (D-C 1 * T / l Y P S I  L O 0 1 3 2 0  
Y C I = Y 0 1 + C *  T ANF S 1 L U O 1 3 3 0  
t I C = 2  O*t t E t *  ( 9 - C  ) /F F F F +2. * Y i J I  * TAl\PS 1 L O D 1 3 4 0  
t I l ~ = Y G I a Y O l - E t E E + E t t ~ * ( ~ - ~ ) * * 2 / ~ ~ ~ F  L b D l r l  50 
E I O=CF1 *CF 1 / F f -  FI’ L u D i 3 o o  
X O L = ( E l C + S U R T ( t l C * ~ Z - ~ i ~ ~ * ~ I ~ * ~ i K l  )/(Z.O*LIU) L O U 1 3 7 0  
YGL=YGl -XOL*TANPSI  L V U l 3 8 0  
IF ITHE.GT.DTHE1 b0 T lJ  100 LOO1 3 9 0 
x I L = x o L  L O 0 1 4 0 0  
100 I F  (YCI-E+CJ*CIT.O.O) GO TO 110 L O 1 4  10 
CONTl=G-C/Z. L O 0  1 4 2  0 
F O Z = S I G M A * C * D T H E * C C ! ~ l T l *  (COSPSI + H h O R C l * T ~ f ~ P S I * S I N P S I  I L O D 1 4 3 0  
TOR2N=F02*CC‘l.!T l ” ~ ~ C S P S I - F 0 2 * S I K P S I * (  Y C I + Y C I  ) / , ? e  LOC.1440 
AR S 2= C*COEIT 1 * O  TI f E  /COS;E T L O D 1 4 5 0  
PRN2=AKS2* (  Y C I  + Y U l  1 / 2 r  L O D 1 4 6 0  
EO TO 1 5 0  L O 0 1 4 7 0  
110 YO I -Yor-  (D-c I *  TAIUPS I L O 0 1 4 8 0  
I F  (YC1.GT.E) GO TO 2 3 0  LUU14YO 
SXI=DDGD*(  l . + T A N P S I * T k i \ P S I  ) - ( L - C - Y O I + ( D - C ) * T A N ~ S I  ) * * 2  LOU1500  
X I I C ~ ~ ~ E - D - Y O I + ~ U - C 1 * T / \ ~ P ~ I l ~ T ~ ~ ~ ~ S I + ~ ~ k ~ ~ S X I ~ l / ~ l o t T ~ ~ ~ P S ~ * * 2 l - D + C  L O 0 1 5 1 0  
YO1 C=YOI  + X  I ! C *  TAPIPS I LOD 1 5 2  0 
I F  ( Y O I - G T e Y O I C I  C.3 TO 1 2 0  L O D l 5  3 0  
CONT l=G-XI I C / 2  L O D l 5 4 0  
f- 0 2  = 5, I GMA*X I 1 C* UTHE * CUN 7 1 * ( CUSPS I +RNOHt+* TAPIPS I * S I KPS I 1 L O D l 5  5 0  
TORZN=FOZ*CGNT l * C O S P S I - F 0 2 *  5 I N P S I  * ( YO1 + X  I ICWTANPS I I LOD 1 5  60 
ARS2=XIIC+CONTl*DTHE/C@5ZET L O 0 1 5 7 0  
A R M Z = A H S Z + ( Y O I C + Y O I 1 / 2 . 0  L O D 1 5 8 0  
60 TO 1 5 0  L O 0 1 5 9 0  
1 2 0  I F  ( X I I C + D - C l  2 3 0 9 1 5 0 9 1 3 0  Lii01600 
130 X = X + D X  LOU L O  10 
I F  (X.6L.A) GO TO 3 3 0  L O E l  b 2 0  
C F 2 = ( 3 / A - A / B l * S O R T ( A A A P - X ” X )  L O 0 1 6 3 0  
C F 3 = A * S O K T ( A A k A - X + X l / ( a ” x )  LUD 1 6 4 0  
X 1 ~ ~ C F l - S T T ~ / C O S P S I + ~ D - C ) + T A k P S I - C F Z ~ / ~ C F 3 + T A ~ ~ P S ~ ~  L O 0 1 6 5 0  
Y l = C F 2 + C F 3 + X l  L O D 1 6 6 0  
I F  I X l + X I I C )  1 3 0 9 1 5 0 9 1 4 0  L O D l 6 7  0 
1 4 0  I F  (X . tW.O.0 )  GO TO 1 5 0  L O 0 1 6 8 0  
I F  (81T.GT.1.56) 50 T 3  2 7 3  
1 I*SL)RT (EEEE+Fk FF*TANGtT*TAh ! iLT  I + (  b+D-C l *COSPSI *TkNoET*  (CGSTHE-1.1 
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T O R 2 N = F O 2 * C O N T l * C O S P S I - F O Z " S I N P S I N P S I * ( Y ~ I C + Y l ) / 2 ~  
A R M Z = A R S 2 * ( Y O I C + Y 1 ) / 2 . 0  
1F ( X e G E e A )  GO T O  3 3 0  
CFZ= ( B / k - A / O  1 *SORT ( AAAA-X*X 1 
C T 3 = A * S O R T ( A A A A - X * X ) / ( U " X )  
X 1 =  ( C F l - S T T t i / C O S P S  I + (d-C ) *TANPSI -CFZ ) / ( C F  ~ + T M N P S I  1 
Y l = C F Z + C F S * X l  
C F 3 1 = 1 v O / C F 3  
P I i I = A T k k ( C F 3 I )  
S I N I S I = S I N ( P H I - P S I )  
cos 1 5s =cos ( PHI 4 s  1
T A N I S I = T A E; ( PH I - P S I 1 
I ~ A @ l = ( X l - X ) / S I N ( P H I )  
RAD2=G+X1 
DPH I = ( AAAA*A*P*DX I / ( ( AAAA* ( AAAA-X*X 1 +HBRD*X*X 1 *SOKT ( AAAA-X*X 1 1 
D A = R A D 2 * ( G X / C O S ( P H I  ) + K A O l * D P H I  )*DTt lE 
I F  ( C A . L T . A ~ S ( Y l * R ~ D Z a 3 . r ~ E )  1 C - i i  Tu 1 7 0  
D/\=O* 0 
GFN=SIGMA*GA*(  COS I S I + R N ( ~ ~ ~ F . I * T A N ~ S I * S I I ~ ~ ~ ~  1 
F O l = F O l + C F N  
ARSU=kRSU+CAS 
ARMO=DAS*Yl 
ARS2=CONTl*(Xl+XIIC)*DTHE/COSBET 
X=X+DX 
D A S = 2 . * D A / C O S I S I * C O S P S I / C O S U E T  
*I K MOO = A R !do0 + AH PIO 
DTN=DFN*RAD2*COSPSI-DFN*SI ldPSI*Y1 
I F  (MOUNT.EG.2) (JC; TO 200 
TORKN=TOKKN+aTN 
I F  ( Y G L . S T ~ O o O )  L O  TO 190 
I F  ( ( X + l . O l + D X ) * L T e A I  GO T O  1 5 0  
X = A  
Xl=F+D-C 
PH I = 1  57  
S I N I S I = S I N ( P H I - P S I )  
C O S I S I = C O S ( P H I - P S I )  
T Ab! I S I =TAN ( PI4 I -P 5 I 1 
DA = R A 02 *Y 1 * D T H  E 
F O l = F O l + D F N  
DF-N=SIGMk*DA+ ( COS1 SI+RNGRK*TANI SI 'S IN1 SI 
DAS=?.*DA/SINPSI*C@SPSI/COSBET 
AR S U= k H S U + 0 A S  
ARMO=3AS*Y1 /2oO 
D T N = D F N ~ R A D 2 ~ C O S P S I - ~ ~ ~ * S I N P S ~ * Y l  
I F  (Y0L.GEaO.O) GO TO 220 
ARMOO=ARMOO+AXVO 
TOHKN=TO&KN+UTN 
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X=A-D>r LOU2250 
LOD2 2.60 C F 2 = ( A / 5 - 0 / A ) * SQR T ( A A A A - X * X ) 
CF3=-AsSGRT ( A A A A - X * X  1 / ( t j * X  1 LO32 2 7 0  
X l = ( C F l - S T T l - i / C O ~ P j 1 + ( 3 - C  ) * T ~ , R P S I - i F Z ) / ( C F 3 + T ~ N ~ S l )  L U 0 2 2 8 0  
L ~ 0 2 Z Y O  Yl=CFZ+CF--3*X 1 
CF31=1eO/CF3  L U V L 3 0 0  
P H I  =ATAN ( C F 3  I 1 L b b 2  3 10 
P t i I=PH1+3 .1416  L O 0 2 3 2 0  
S I N I S I = S I N ( P H I - P 5 1 )  LO02330  
cos I S  I =CGS ( P I i l  -PS I I Lr iD2340  
T A N  1 S I = T A N  I P H I  -PS I ) LODL350 
RAD1= ( X 1 - X  1 /SI N ( PI11 I LO02360  
R AD2 =G+X 1 LO02370  
LO02380  <)A= - li A D 2 * Y 1 *UT t i  E 
D FN =S I GMA*@A * ( COS I 5 1 +RN@RY * T Ah 1 5 I * S I N I S I 1 LODZ390 
FOI=FO1+DFN LOO2400 
9 A S  = 2  *DA/ S I NP S 1 *COSPS I /COSRE T LOO241 0 
LaD.2420 ARSJ=ARSU+DAS 
LOD2430 LR'JO=l;/rS*Y 1 
LO02450  C T N = DFN*R AI! 2 *C OSP S I -CFN*S I NPS I * Y 1 
T OR K El = T OK K N+ D T N L o b 2 4 6 0  
LO02470  YOU N T = 2 
I F  ( X O L - X l )  2 2 0 * 2 2 C ~ 2 1 3  LOD2480 
i ~ o  IF ((x+~.oI*Dx).LI.. ,~) GO T O  1 8 0  LOD2490 
I F  ( X O L - X l )  2 2 0 ~ 2 2 2 , 1 5 0  LO02500  
2 0 3  I F  ( X O L e L F o X l )  GO TO 2 2 0  LOD2510 
C F Z = ( A / U - ~ / A l * S O K T ( ~ A A k - X + X )  Lci02530 
CF3=-A*SWHT ( h A A A - X * X )  / ( d * X )  LuliL540 
L b D L 5 5 0  X1= ( CF l -ST  Tt i /COSPSI + ( d-C )*TANPSI-CFZ I / (CF3+TAhPSI  I 
Y l = C F 2 + C F 3 * X l  L(ib2560 
C F 3 I - 1  * D / C F ?  L(r02570 
PH I = A T A N  ( C F 3  1 I L U 0 2 5 8 0  
P I i  1 =PI11 + 3  1 4  16 LOD2590 
SI I\; 1 S 1 = S I N  ( PI11 -PS I I LOD2600 
C O S I S I = C O 5 ( P H I - P S I )  LO02610  
T A K I  5 I = T A N  ( P H I  - P S  I 1 L GO 2 0.2 0 
GO T O  160 LO02630  
2 2 0  O ~ ~ F N ~ S I G M A * ~ X ~ - X O L ~ * ~ ~ + ~ X ~ + X O L ~ / ~ ~ C ~ * L ; T ~ I E ~ C O S I S ~ * C ~ ~ ~ ~ ~ ~ / / O S P ~ ~ + + ~ ~ L ~ [ J ~ ~ ~ ~  
1 N I  S I  *TAN I SI *RNOHI; /CCSPS I I LOU2650 
AIINSU= ( X 1 - X O L )  *KAD2*CTHt *2  / C O S b t T  LOU2660 
ARNOO=AHFiSU* ( YUL+Y 1) / ;Lo  0 L W L 6  70 
A H  .'.100=AR!* 03- A k  N 3 G  + 2 t 0 * Ah 1.1 2 LObLObO 
h R S L j  = A K S IJ-A H N 3 LJ + 2 0" AH S 2 L o 0 2 6 9 0  
FOl=FOL-UNFh LOU2700 
FONT=2.*lFOl+F02)*COS~ET/COSPSI LOU2710 
TORNN=D'4FN*RAD2*COSPSI-DNFM+Y1+SINPSI LODZ720 
TORKNZTORKN-TORN13 LO02 7 30  
Al<MOO=AHMOO+AK!IO LODL440 
2 1 0  x = x - 3 x  LOO2520 
TORKCI=Z O* ( TORKI.I+TOF:ZiI 1 * C O S T t i t  
TOR TN = T 3R TN+ TOR Kf4 
A9 T S U =  AR T Sb+AR SLJ 
ARNOM=ARNOM+AHMOO 
FONTT=FOKTT+FUNT 
GO TO 90 
230 t I C = 2 . * E t t E * ( D - C ) / ~ F F F + Z ~ * Y ~ l * T ~ N ~ S l  
LOD2740 
~ 0 0 2 7 5 0  
LOD.2760 
LOG2 7 70 
~ 0 0 2 7 8 0  
LUDZBOO 
LO02790  
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240 
250 
260 
270 
2 8 0  
290 
300 
310 
320 
t IR=YO1+YUI- t tEE+t tL t+(U-C)++2/FFFF L O 0 2 8 1 0  
L U U L ~ L O  E I I>= C F 1 *L F 1 / F F  F f- 
X I E C = ( E I C - S Q R T ( E I C * * 2 - 4 . O ' E I U + t l K ) ) / ( 2 . 0 * ~ 1 ~ )  LODLM 30 
L O  0 L u 4 0 I F  ( X 1 - X I E C )  2 6 0 t 1 5 0 t 2 5 0  
X I I C = - X I E C  L O D 2 6 5 0  
Y I E C = Y O I - X l t C * T A N P S I  L O D L 8 6 0  
L O D L 0 7 0  Y O I C = Y I E C  
GO TO 140 L O U 2 8 8 0  
C F 2 = (  l 3 /A -A /b )+SQHT ( AAAA-X*X)  LOD2YOO 
C F 3 = A * S Q R T ( A A A A - X * X ) / ( B + X )  L U D L Y 1 0  
X l = ( C F l - S T T H / C O S P S I + ( 0 - C ) * T A I J P S I - C F 2 ) / ( C F 3 + T A N P S I )  L O D L  92 0 
Y l=CFZ+Ct -  3 * X 1  L U b 2 Y 3 0  
GO TO 2 4 0  L O D L 9 4 0  
L O D 2 9 5 0  H=G+D+F-C 
T=STROKE L O O L 9 5  1 
DY=DX L O 0 2 9 6 0  
STTH=H-  (H-STTM 1 /COSTHE L O 0 2 9 7 0  
I F  ( S T T H - F )  2 8 0 ~ 2 9 0 ~ 2 9 0  L O D 2 9 8 0  
QY=FFFF-(F-H+(H-STTH)/COSTHE)**2 L O D Z 9 9 0  
I F  (QY.LT.O.0) GO TO 340 L O 0 3 0 0 0  
Y l M A X = E / F * S Q R T I O Y )  L O O 3 0 1 0  
GO TO 300 L O 0 3 0 2 0  
X H = ( H - S T T H ) / C O S T H E  L V U 3 0 3 0  
I F  (XH-H+FaGtoO.O) b O  TO 2 8 0  L O 0 3 0 4 0  
QY=DDDD-(H-F-XH)**Z LOO 30 5 0 
L O 0 3 0 6 0  I F  (OY.LT.O.0) GO TO 340 
YlMAX=E-U+SGHT I O Y )  L O D 3 0 7 0  
Y=O.O L O 0 3 0 8 0  
I F  ( T H E e G T - D T H E )  GO TO 310 L O D 3 0 9 0  
Y I L = Y  l M A X  L O O 3 1 0 0  
Y=Y+DY L O 0 3  11 0 
X=A/B*SQRT(BBEB-Y*Y)  L O D 3  120 
Y l = ( ( H - S T T H ) / C O S T H t - G - X ) * A A A A * Y / ( B B f j i 3 * X ) + Y  L O D 3  130 
I F  ( Y l . G E o Y 1 M A X )  GO TO 320 L V V 3 I 4 0  
C F 3 I = t 5 * X / ( A * S u R T ( A A A A - X * X ) )  Lu D 3  I 5 0 
P H I = A T A N ( C F 3 I )  L U D j b O O  
C P H I = 1 * 5 7 0 8 - P H I  LOUJ?-/O 
c o s c P I = c o s ( c P k l I ~  Lob3180 
D C P H I = B B U B * A A A A * A A A A * O Y / ( X * ( ~ B t { B ~ B B + X + X + A A A A * ~ A A A ~ Y * Y ) )  . L O 0 3 2 9 0  
LO03 2 0 0 R A D l = ( H - T ) / C O S T H E  
RAD2=CCH-T I /COSTHE-G-X) /COSCPj  LOU3210 
L O D 3  2 30 
FONT=FONT+DFN*4.0 L O D 3 L 4 O  
L O 0 3 2 5 0  D A S = 4 . * R A 0 1 ~ 0 T H E + ( D Y / C O S C P I + R A D 2 * D C P H I ) / ( C ~ S C P l * L ~ ~ T H ~ )  
ARSU=ARSU+DAS L O 0 3 2 6 0  
D N F P = S I G M A * ( Y l M A X - Y l  ) * ( r l -T ) *DTr lE" IC( ;S (CPt i I  ) " 2 + K N O H k ~ ( S I N ( C P t i I  ) + * L L U D j L 7 0  
LOD3.4 8 0 
A H S U P = ( Y l M A X - Y l ) * ( H - S T T H ) * D T H ~ . * 4 . 0 / C ~ ~ T ~ t  L O U 3 2 9 0  
GO TO 310 LOD3.700  
THEM=ACOS( l . -STTM/H)  L O D 3 3 1 0  
FONTT=FONTT+FONT+DNFP L O D 3 3 2 0  
ARTSU=ARTSU+ARSU+ARSUP L O D 3 3 3 0  
I F  (THE-THEM) 9 0 r 3 3 0 t 3 3 0  L O D 3 3 4 0  
X=X+DX LLXM a 90 
D F N ~ S l G M A * ( H - S T T H l + D T H t * ( D Y + (  (H-STTH)/COSTtiE-G-X)u~CPHl)~(l.6RNOKMLUD3~%~ 
l * ( T A N ( C P t I I ) + T A N ( T t i E ) * * Z / C O S ( C P H I  1 1  1 
l + C O S ( C P H I  ) * T A h l T l i E l * * 2 )  1 
330 C O N T I N U E  L O 0 3 3 5 0  
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FONTTM=FONTT L U D 3 3 b O  
FOFTTM=SIGMA*KSHCH*ARTSU L O D 3 3 7 0  
I F  (FONTTM+FOFTTM.td.O.O) KETURN L O D 3 3 8 0  
I F  ( (FONTTM.LT .O.O) .OR. (FOFTTM.LT .O.O) )  RETURN L O D 3 3 8 1  
R F O N T T = l F O N T T K * F O F T T ~ ) * * P ~ W / ( F O F T T M + * P O W + ( F ~ ~ T T ~ * A ~ l U ) * * P O ~ )  L O D 3 3 9 0  
FONTT=RFGNTT+* ( l . /POW)  L O U 3 4 0 0  
TORTN=FOKTT*TDRT&/FONTTi4 L O D 3 4 1 0  
340 PFONTT=FUNTT L O 0 3 4 2 0  
PTORTN=TOHTN Lob3430 
P C L S T = k L S T  L O 0 3 4 4 0  
PSTTM=STTM L W 3 4 5 O  
FAC=1.+1.5*(3.14-THE)/3.14 L O U 3 4 6 0  
I F  (B tT .bT .1 .56 )  GO TO 3 5 0  L O O 3 4 7 0  
I F  ( t j t T o G T . 0 0 4 )  GO TO 360 L U D 3 4 8 0  
RAV=G+XIL /Z .O  LOD34YO 
GO TO 380 LOD35OO 
350 XCA=G+D-C+F-STTM L O D 3 5  10 
R 3 = Y  1 L / F A C  L O 0 3 5 2 0  
GO TO 370 L O O 3 5 3 0  
360 XCA=-AHMOM/ (AKTSU*TANBET ) + D - C - S T T M / S I N l 3 t l + S u K T ( t t t ~ + ~ F ~ F * T A N a t T + T A L U D j ~ 4 0  
1 N U € T  1 / T A N B E T  L V U 3 5 5 0  
R ~ = ( X I L - X C A ) / ( F A L * C O S ~ E T )  L O 0 3 5 6 0  
370 C O N T l N U t  L V 0 3 5 7 0  
K ~ = S I J K T ( G G G G + ( G + X C A ) * * ~ - ~ ~ * ~ * ( ~ + X C A ) * C U S T ~ ~ ~ / F A C  L O D 3 3 8 0  
380 CONTINUE L O 0 3 6 0 0  
I f  ( l 3ET .LT .0001)  TORTN=O.O L O D 3 6  10 
RETURN L O 0 3 6 2 0  
END L O D 3 6 3 0 -  
H A V = ( R 3 + K 4 ) / 2 . 0  LOU35YO 
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C ,1 INTRODUCTION 
T h i s  program, which has been wr i t ten  f o r  machine computation on the  CDC 
6400/6600 Computer, provides the capabi l i ty  f o r  es tabl ishing i n f l a t a b l e  torus  
configurations meeting spec i f i c  design cons t ra in ts .  
gram requires i n i t i a l  selecti-on of a payload, bag material ,  desired ve loc i ty  
capabi l i ty ,  and desired load f ac to r .  The program then determines torus  
dimensions, i n t e r n a l  pressures, and bag thicknesses providing the  required 
capabi l i ty  and load f ac to r  f o r  f l a t  landing. Velocity capabi l i ty ,  load 
f a c t o r ,  and bag s t r e s ses  f o r  end landing a r e  a l s o  determined, and i f  a bag 
thickness increase  i s  necessary, tho program automatically reruns both f l a t  
and end landing calcul-ations with an updated bag thickness and weight, 
mally the  outer  120° segmerit of t he  bag i s  c r i t i c a l  f o r  end landing. 
Operation of t h i s  pro- 
Nor- 
T h e  program w i l l  a l s o  determine load f ac to r  and veloci ty  capabi l i ty  f o r  
any desired input  unidirect ional  landing a t t i t u d e  (constant a t t i t u d e  s t rok-  
i n g ) .  
b i l i t y  and load f ac to r  standpoint.  
load f ac to r  decreases as  landing a t t i t u d e  (BET) is  increased from Oo (F la t  
Landing) t o  90" (End Landing). 
F l a t  landing has been found t o  be c r i t i c a l  from both a ve loc i ty  capa- 
The ve loc i ty  capabi l i ty  increases and t h e  
Dimensional var iables  used t o  represent t h e  payload and at tenuator  a r e  
shown i n  Figure C - 1 .  
uator  by a gimbal r ing .  Thickness of t h e  torus  a t tenuator  is  determined by 
t h e  program i n  in t ege r  number of plys a t  th ree  locat ions around the  circum- 
ference. Propert ies  of  a s ing le  p ly  of t he  bag mater ia l  as w e l l  as desired 
The payload i s  a cyl inder  attached t o  t h e  torus  a t ten-  
227 
APPENDIX C 
I 
c3 
224 
APPENDIX C 
minimum number of plys a t  t h e  three  locat ions a r e  input  quant i t ies .  Any 
elastomer used t o  s e a l  t he  bag which is  a function of t he  number of plys 
should be included i n  t h e  weight of one ply.  
fo r  the  bag, which is  a function only of surface area,  i s  a separate  input .  
Weight of any scuff protoction 
Deflected torus  shape has been used as t h e  ana ly t i ca l  basis  f o r  calcula- 
t i on  of foo tpr in t  area,  volume change, and torus  s t r e s ses .  Pressure r i s e  is  
determined based on volume change, asswtung a polytropic process. 
springlmass-dynamic model i s  u t i l i zed  f o r  a f l a t  landing, and a s ingle  spring/ 
mass dynamic model i s  u t i l i zed  f o r  landings other  than f l a t .  The program 
allows the  user  t o  s e l e c t  t he  desired minimum number of plys a t  th ree  loca- 
t ions ,  and in t e rna l ly  calculates  t he  torus  thickness required i n  in teger  
number of plys i f  minimum ply s t rength  i s  exceeded, 
A two 
An i n f l a t a b l e  torus  drop t e s t  program t o  determine the  e f f ec t s  of land- 
ing  veloci ty ,  payload weight, and torus  pressure on payload s t roke and accel- 
erat ion under simulated Mars atmospheric pressure was conducted by McDonnell 
Douglas Astronautics Company Eastern Division under NASA Contract NAS 1-7977 
f o r  Langley Research Center. Test r e su l t s  f o r  the drop t e s t  program, pre- 
sented i n  Reference 2, subs tan t ia te  the  ana ly t ica l  models chosen f o r  the  
In f l a t ab le  Torus S t ruc tu ra l  Design Computer Program. 
Output da ta  include: bag radius; to rus  radius; I n f l a t i o n  pressure; 
maximum pressure;  payload weight; landing system weight; i n f l a t i o n  system 
weight; required number of plys a t  th ree  locat ions;  maximum running load a t  
three  points on the  bag; and m a x i m u m  load f ac to r  and ve loc i ty  capabi l i ty  f o r  
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f l a t  landing, end landing, and landing a t  input  contact angle. Data oiit,put as 
a function of s t roke  include: t o t a l  force normal t o  t h e  surface; internal 
bag pressure;  foo tp r in t  area;  and ve loc i ty  capabi l i ty .  
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C .2 ANALYTICAL PROCEDURES 
For oblique 1andi.ngs the  footpr in t  area is  calculated by applying a semi- 
empirical  correct ion f ac to r  t o  the  theo re t i ca l  chordal area determined by the  
in t e r sec t ion  of a f l a t  plane w i t h  a torus .  The chordal area is  calculated by 
summing t h e  area of DO s t r i p s .  The cy l indr ica l  coordinate system used i n  t h i s  
program u t i l i z e s  X and Y axes which r o t a t e  w i t h  t he  in tegra t ion  angle 8 (see 
Figure C - 2 ) .  Pressure r i s e  i s  determined based on volume change, assuming a 
polytropic process. 
foo tpr in t  a rea  and pressure,  
is then employed i n  a s ingle  nonlinear spring/mass dynamic model used f o r  the  
Normal force  on the  bag i s  calculated as t h e  product of 
The r e su l t i ng  normal force/stroke re la t ionship  
oblique landing calculat ions,  consis tent  with Reference 2. 
spec ia l  case s ince  mater ia l  i s  trapped on the  inner portion of the  torus  
F l a t  landing i s  a 
c rea t ing  a d i f f e r e n t  def lec t ion  pa t te rn  and smaller foo tp r in t  area and conse- 
quently a d i f f e r e n t  ana ly t i ca l  model (see Figure C-3). 
shape has been used as the ana ly t i ca l  basis  f o r  calculat ion of end landing 
torws s t r e s ses  (see Figure C-4).  
Deflected torus  bag 
-_ Symbols, un i t s ,  recommended range, and de f in i t i on  of required input 
parameters a r e  given i n  Figure C-5. Output parameters a r e  defined i n  Figure 
C - 6 .  Format f o r  machine input  is discussed i n  Section C.4. 
Major assumptions employed i n  t h e  ana ly t ica l  model der ivat ion are:  
1. Deflected bag shape. 
2. Linearization of f l a t  landing load-stroke t o  an e f f ec t ive  K f o r  use 
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CYLINDRICAL COORDINATE SYSTEM 
Lander Coordinate . ,/ 03 
System for Motions 
Program 
A-A 
Figure C-2 
Stroke 
r[STTHI 
B-B 
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FLAT LANDING 
ANALYTICAL MODEL 
Torus Q 
XRS 
YRS 
VOLR = 0.9983 +0.0485 * (S/RS) +0.2399 * (S/RS)* 
=; 0.0053 +0.6901 * (S/RS) -0.525 * (S/RS)2 
= 0.0049 t2.409 * (S/RS) -1.171 * (S/RS)2 
PF = P I  * V O L R  
WL * F L O A D F  1 Di stri buted 1 6 Stress 2 
--WC * F L O A D F  
n 1 PF * RRl * Cos (0 --) 
2 
Figure C - 3  
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DEFLECTED TORUS SHAPE - END LANDING TORUS STRESSES 
ALCE = 0.212 * RS -t0.894 * RDlA 
(Limit  Velocity) 
Torus Q 
3 
2 
Subscript : 
(RS-B) (l-Cos (GAMA)) ALCE 
RD1 = +- 
2 Sin (GAMA) 2 
RD2 = (RS-B)/Sin (GAMA) 
n(RS-RD1) -RS -B 
GAMA = 
P * RS * (RP +RS * COS t.) * BFS - 1  
P * RD2 * (RP +ALCE/2 -RDl )  * BFS 
2A Or O2B a2 = Maximum of  u 
RD1 
D = P * RD1 * (1.0 - ) * BFS 
3A 2.0 (RP + ALCE) 
P * RS * (RP + 1.25 * RS) * BFS i 
- 
O 3 8  - RP+1.50 RS 
3A Or IJ3B = Maximum of IJ O 3  I 
A - Meridional Stresses, Deformed Portion of Torus 
B - Meridional Stresses, Undeformed Portion of Torus 
. 
P i a r e  C-L( 
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INFLATABLE TORUS STRUCTURAL DESIGN PROGRAM 
INPUT PARAMETERS 
~~~ 
SYMBOL 
AI c 
Bl D 
RHO P 
V F  
FMAXL F 
RDlA 
RS1, RS2, 
RS3 
FABWT 
FABST 
P L Y  1 
P L Y 2  
P L Y  3 
BFS 
SCFWT 
PA 
B E T  
UNITS 
In. 
In. 
Lb/Ft3 
Ft/Sec 
Earth 9’s 
In. 
In. 
Lb/Sq Ft 
Lb/ln. 
- 
- 
- 
- 
Lb/Ft2 
2 Lb/ln. 
Radians 
RECOMMENDED 
RANG E 
- 
- 
- 
- 
- 
0.0 + 5.0 
- 
- 
- 
1.0 + 5.0 
1.0 + 5.0 
1 .O + 5.0 
1.5 + 3.0 
0.0 -3 0.20 
- 
0++1 .57  
DEFINITION 
Payload Dimensions (See Figure 1) 
Payload Gimbal Ring Dimensions (See Figure 1) 
Payload Density (Including Insulat ion and Gimbal 
Ring) 
Desired L i m it Ve loci t y  Ca pa b i I i ty  
Desired Maximum L i m i t  Load Factor 
Rock Diameter 
3 Different Assumed Values for Bag Radius Used 
for Interpolation 
Bag Material Weight for One Ply 
Bag Material Strength for One Ply  
Desired Minimum Number of P l y s  Inner 120’ 
(Payload Attach) 
Desired Minimum Number of P lys Upper and Lower 
Center 600 
Desired Minimum Number of P l y s  Outer 120’ 
Bag Factor o f  Safety (Ult imate/Limit) 
Weight of Scuff Protection (Uniform on Ent i re Bag: 
Ambient Pres sur e 
Angle Between Crush Plane and X Ax is  
Figure C-5 
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SYMBOL 
RS 
R L  
PI 
PF 
F L O A D F  
WP 
WL 
WIS 
P L Y l F  
P L Y 2 F  
P L Y 3 F  
WLl, WL2, 
WL3 
w ISI, w 152, 
WIS3 
PI1, Pl2, 
P I3  
P F l ,  PF2. 
P F 3  
FL OA D 1, 
FLOAD2, 
FLOAD3 
S 
FORCE 
DlST 
P 
A F  
C L E A R  
A L C L  
U 
V E L B T  
C L E A R E  
U E  
V E L E  
GAMA 
RD 1 
RD2 
A L C E  
EGSTR 1 
EGSTRZ 
EGSTR3 
APPENDIX C 
INFLATABLE TORUS STRUCTURAL DESIGN PROGRAM 
OUTPUTPARAMETERS 
UNITS 
In. 
In. 
PSI 
PSI 
Earth g's 
Lb 
L b  
L b  
L b  
L b  
PSI 
PSI 
Earth g's 
Earth g's 
Earth g's 
In. 
L b  
In. 
PSI 
Sq In. 
In. 
In. 
In.-Lb 
Ft Sec 
In. 
In.-Lb 
Ft Sec 
Radians 
In. 
In. 
In. 
Lb/ln. 
Lb/ln. 
L b/ln. 
DEFINITION 
Required Bag Radius 
Required Radius from Torus Center to Bag Center 
Required Inf lat ion Pressure (Absolute) 
L i m i t  Bag Pressure at L imi t  Stroke (Absolute) 
Maximum L i m i t  Load  Factor at L i m i t  Stroke 
Payload Weight 
Weight o f  Landing System Including Gas, Excluding Bot t le  
Weight o f  Inf lat ion System, Bot t le  and Gas 
Required Number of Plys Inner 120° (Payload Attach) 
Required Number of P l y s  Upper and Lower Center 60' 
Required Number of P l y s  Outer 120' 
Landing System Weight, Bag RSl, RS2, and RS3 
Inf lat ion System Weight, Bag RS1, RS2, and RS3 
Inf lat ion Pressure, Bag RS1, RS2, and RS3 (Absolute) 
Pressure at Maximum L i m i t  Stroke, Bag RSl, RS2 and RS3 iAbsolute1 
Maximum Limit Load Factor, Bag RS1 
Maximum Limi t  Load  Factor, Bag RS2 
Maximum Limi t  Load Factor, Bag RS3 
Stroke 
Total Load Normal to Surface (L im i t )  
Y Distance to  Centroid of  Footprint Area 
L i m i t  Bag Pressure a t  Stroke S (Absolute) 
Footprint Area 
Payload to Ground Clearance for Impact a t  Angle B E T  
Al lowable Clearance Between Payload and Ground Al lowing 11.8% 
Stroke Margin for Ult imate Velocity Capabil i ty (at Angle B E T )  
Total Energy Absorbed for Landing at Angle B E T  
L i m i t  Velocity Capabi l i ty for Landing at Angle B E T  
Payload to  Ground Clearance for End Landing 
Tota l  Energy Absorbed for End Landing 
L i m i t  Velocity Capabil i ty far End Landing 
Bag Angle wi th  Local  Horizontal a t  Payload Attach, End Landing 
Outer Radius at Maximum Stroke Paint, End Landing 
Radius ot Payload Attach Point, End Landing 
Al lowable Clearance Be!ween Payload and Ground, End Landing, 
A l l ow ing  11.8% Stroke Margin 
Maximum Running Load  far End Landing, Inner 120' 
Maximum Running Load  far End Landing, Upper and Lower Center 6( 
Maximum Running Load  for End Landing, Outer 120' 
Figure C-6 
236 
APPENDIX c 
i n  t h e  two spring/mass model. 
t h e  non-f la t  ca l cu la t ions  . ) 
Two spring/mass dynarriic model f o r  f l a t  landings.  
One spring/mass dynamic model f o r  non-flat  landings.  
S t roke  i s  provided f o r  u l t ima te  energy (1.25 t imes limit energy). 
L i m i t  s t r o k e  i s  equal  t o  u l t imate  s t r o k e  divided by 1.118. 
I n s u l a t i o n  on payload i s  ex te rna l  t o  Dimension C (a l though included 
i n  payload weight) and may be v io l a t ed  by a rock f o r  u l t imate  energy 
landing,  prcvided payload i t s e l f  is  not  contacted,  
(This assumption is  not employed i n  
3 .  
l b .  
5 .  
6 .  
7.  Bag i s  designed f o r  u l t ima te  pressures  (pressure  a t  l i m i t  s t roke  
times bag f a c t o r  of: s a f e t y )  and e f f e c t  of u l t ima te  load f a c t o r  (load 
f a c t o r  a t  l i m i t  s t r o k e  times bag f a c t o r  of s a f e t y ) .  
Rag th ickness  i s  comprised of an i n t e g e r  number of plys ( a t  t h r e e  
loca t ions  ) and no l e s s  than t h e  inpu t  minimum number of  plys . 
8 .  
9 .  Rigid body payload. 
10. Gimbal is  included i n  payl-oad, weight. 
11. I n f i n i t e l y  r i g i d  s u r f a c e  - no protuberances o r  depressions o the r  
than rock diameter .  
12. 
13. Bag ma te r i a l  i s  inex tens ib l e .  
F r i c t i o n  does not  in f luence  force  normal t o  f o o t p r i n t  a rea .  
The payload gimbal r i n g  i s  def ined by Dimensions B and D, wi th  the  resu l -  
t a n t  volume being mul t ip l ied  by payload d e n s i t y  (HHOP) t o  e s t a b l i s h  gimbal 
weight, which i s  considered as p a r t  of t h e  payload weight i n  t h e  program. 
Payload i n s u l a t i o n  i s  assumed t o  be ex te rna l  t o  Dimension C (although 
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i n s u l a t i o n  weight i s  included i n  payload weight) and may be v:iol.ated by a rock 
for  an u l t i m a t e  energy (1.25 times 1id.t energy) landing,  provided t h e  payload 
i t s e l f  i s  n o t  contacted.  L i m i t  s t r o k e  ( m a x i m u m )  f o r  f l a t  landing i s :  
SMAX = (RS - C/2 - RDIA)/1.118 
RS = Bag Radius 
C = Payload Height 
R D I A  = Rock Diameter 
I n s u l a t i o n  thickness  would range between two t o  t h r e e  inclies using bal.sa wood. 
Optimum payload shape depends on many f a c t o r s ,  bu t  genera l ly  h a s  been found t o  
occur when A/C is  between t h r e e  and f i v e .  
The values  se l ec t ed  f o r  f a b r i c  weight (FABWT) and f a b r i c  s t r e n g t h  (FABST) 
depend on t h e  to rus  s i z e  and manufacturing cons t r a in t s  on t h e  number of p lys .  
A t h i n  ma te r i a l  (low FABWT and FABST) w i l l  r e s u l t  i n  a lower weight bu t  may 
r equ i r e  an excessive number of plys. Values used f o r  FABWT f o r  3tudi.m run t o  
d a t e  v a r y  between 0.017 l b / f t 2  and 0.077 lb/f.t2 wit;h a corresponding range i n  
FABST of 100 l b / i n .  t o  454 lb / in .  r e spec t ive ly .  FABST should inc lude  only 
seam e f f i c i e n c y  f a c t o r s ,  s i n c e  required f a c t o r  of s a f e t y  i s  inpu t  ilidspen- 
d e n t l y  (BFS). 
and puncture p ro tec t ion  and to rus  s e a l  a r e  obtained by uniformly coa t ing  the  
t o r u s  wi th  an elastomer ( s i l i c o n e  rubber conipound of the  methylphenyl type?). 
Typical  weight (SCFWT) is 0.132 lb / f t2 .  
These values are  c o n s i s t e n t  with FIT-1 f a b r i c  (Momex). Abrasion 
Bag f a c t o r  of safel;;y (RFS) is  the  
f a c t o r  determining t h e  required limit t o  u l t ima te  s t r e n g t h  r e l a t i o n s h i p .  
APPENDIX C 
The desired minimum number o f  ply3 a t  th ree  locations is input  f o r  PLY 1, 
PLY 2, and PLY 3 .  The values chosen W i l l  depend on fabr ic  selected,  expected 
surface features ,  manufacturing methods, and payload attachment method. 
Ambient planet pressure a t  the  surface (PA) is  entered i n  pounds/squaro 
inch. The value specif ied i n  Reference 1 f o r  the  master agreement of 5 mb i s  
equivalent t o  ,0725 p s i .  If nitrogen gas is  used t o  i n f l a t e  t h e  to rus ,  a 
value of 1.40 should be entered f o r  the  constant determining the  polytropic 
gas process ( C K ) .  
1.87. If  it i s  desired t o  simulate an isothermal process f o r  any gas, a value 
of CK of 1.0 i s  entered. 
The value of CK f o r  most gases would range between 1.3 and 
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C.3 PROGRAM OPERAT'JON 
-I 
Input format f o r  t he  s t r u c t u r a l  design portion of t he  program is shown 
i n  Figure C-7. 
cated f o r  each parameter. 
Data may be located anywhere within the  eight  spaces indi-  
Dimensions RS1, RS2, and RS3 may be any reasonable 
estimate of required torus  radius.  Reference 2 may be used t o  es tab l i sh  these 
estimates.  The program in te rpola tes  f o r  f i n a l  geometry based on so lu t ions  f o r  
these values. 
Section C.4. 
Input da ta  cards a r e  placed behind the  program as shown i n  
The program ca lcu la tes  ve loc i ty  capabi l i ty  and load f a c t o r  f o r  wiidirec- 
t i o n a l  input  angle BET, which may be any value between 0.0 arid 1.57 radians. 
T h i s  angle is  maintained constant throughout s t roke  f o r  these ca l cu la t ions .  
Sample output da t a  are shown i n  Figure C-8. Refer t o  Figure C-6 o r  corn-- 
ment cards i n  t h e  program f o r  nomenclature and units of out,put. 
Program termination i s  automatic when a l l  output da t a  have been c a l c u l a t e d  
f o r  a l l  input da ta .  
cases u n t i l  it e i t h e r  f inds  none o r  exceeds a specif ied time limit. 
machine time f o r  two cases i s  35 seconds cent ra l  processor and 20 seconds 
peripheral  processor. Core s i z e  required is  45 K (octal)  f o r  compilation of 
t h e  program. 
The program goes t o  t he  input  da t a  cards for  additiorLal 
Typical 
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0 0  0 0 0'0 0 0 0  0 
1 2  1 ; $!S 1 I I 
: 1 1  I 1  111 I 1  1 I 
I 2 2 2  2 212 2 2 2 
3 3  3 3  '13 3 3 3 3 
4 4  - 4 4 1 4  4 4 4 4 
I 
I I 1 4 $16 1 I 9 I 
5 5 5 ' 515 5 5 5 
6 6 6 6  616 6 6 6 6 
INFLATABLE TORUS STRUCTURAL DESIGN PROGRAM 
E X M P L  E INPUT DATA 
0 0 0 0010 3 0 0 0 0 0 0 0010 0 0 0 0  0 0 0  0 OiO 0 0 0 0 0 0 0 00;O 0 0 0 0 0 ' 0  0 010 0 0 0 0 0 0 0 %  0100 0 0 0 0 0 0 0  010 0 0 0  0 
I O I I I l 1 1 I l  l d l 6 l i  i ! ' 9 ~ l l ? ? ? 1 7 ~ ? ~ 1 7 S ? 1 7 1 f 9 1 0  I I I ? ~ I I ~ l ~ ~ ~ l l ? ~ 1 9 ~ ~ ~ ~ l ? ~ ~ ~ l ~ U ~ 1 4 l ~ I l 9 S O S : 1 1 ~ 1 S 4 ~ ~ Y J l ~ ? ~ i ) O L l 1 7 U ~ I L ~ 1 6 ~ i ~ f ' L 9 1 O "  ~ > 1 J 1 ~ 1 ~ ~ 1 1 1 1 1 9 ~ 0  
I I 1  1 1 ! 1 1  I 1  I I 1  I 1  1 1 1  I 1  1 1  I I 1  1 1 1 1  1 I I I I 1  I 1  111 1 I 1  I I I 1  I I l l  I i I 1  I I 1  1 1 1 1  I 1  1 I 1  1 1  1 I I I  1 1  I I 
I I 
211 2 2 2 2 1 2 2  2 2 2 2 2 2 2 212 2 2 2 2 2 2 2 2 2;2 2 2 2  2 2 2 2 2 2 1 2 2  2 2  2 2 2 2 2 2 1 2 2  2 2  2 2 2 2 2  212 2 2 2  2 2 2  2 2 ;;2 2 2 2 2 
3 - 3 3 3 / 3  3 3 3 . 3  3 3 3313 ' . 3  3 3 3 3 3 31. ' 3  3 3  3 3 3 3  '(3 3 3 3 3 3 3 ' 3  3;3 3 3 3  ' 3  3 3 3 3j3 3 3 3 3  3 3 3  3 311 3 3 3 3 
4 4 4 4 4 1 4  4 4 4 4 4 4 4 4 4:4 4 4  4 4 4 4 4 4 4;4 4; 4 4  4 4  4 4 414 4 4 4 4 4 4 4 4  414 4 4 4 4 4 4 I 4  414 4 4 4 4 I 4  4 4 4 t  4 4 4 4 
I 
I 
I1 I1 I1 14 dl1 I 1  It I 9  11 ? I  13 i 4  IS)< :I , I  :1 .J I? 1: J A lqlS 11 11 19 40 IS I ?  4 1 4 4  '$11 81 4 8  43  S ;I SI $1 34 5S;Y S I  S I  591 $1 67 b l  C I  i{LS.' LL 15 10 8 )  '2 ' 2  11 :dll : I  I1 I S  10 
505 5 5 5 515 5 5 5 ; s  5 5 5 515 5 5 5 5 5 5 5 5 '15 5 5 5 5 5 5 5 ' 515 5 5 5 5" ' 5 5 5 515 5 5 . 5 0 5  5 5 5 515 5 5 5 5 5 5 5 5 515 5 5 5 5 
6 6 6 6 616 6 6 6 6 6 6 6 6 616 6 6 6 6 6  6 6  6 616 6 6 6 6 6 6 6 6 6 : s  6 6 6 6 6 6 6 6 6166 6 6 6 6 6 6 6 6!6 6 6 6 6 6 6 6 6 4 6  6 6 6 6 
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INFLA1IABLE TORUS STRUCTURAL DBSIGN P R O C W  
Example Output D a t a  
I 
I n .  
0 N
I Le
3 
CI 
a 
r- 
C 
L 
. -I 3
c 
. a  w .  
( F N  * e  
- m  
a n  I m  
In w U
( F c  . w  
0 U
N 
0 
9 N 
i I  
I j  
I 
0 
e CF
Y N w 
1 
" 
9 
e 
c 
B h 
il 
G -I LL
n 
t- 
N 
H 
N la.
-u 
2 
II n- 
a 
u 
o 
r- 
Q c
I N 
J  
I 
I 
e t -  . .  
e a  
I .  L W  
- I J  w w  > >  
.c V t -  
n c  
. .  
C N  
r l u l  
E M  I L L  
4 4  
r d a  
'I rl 
. . .  
" . - a  
+ h a  . . .  
m o m  
N W N  
D I I  
L l w w  
J J J  
l l w w  
r > >  
I . .  
I 
i 
I 
I 
I 
I 
, 
i c
4 0
I- 
5) 
3 0 
s 
c . . .  .* c 
m m m  
m c ~  H N N  
h* a m 
N c r  
L I L L L L  1 1 1 1 1  
4 4 4  
C C Id . . .  
D I - 0  
- 4 N  
t C 4  
U N N  
_ I " . -  
m 
m 
U D B  L L L L r  
u a a  
o l i o  L Y L L  
4 1 4  
u n a  L k L  
l u a  
9 9 . r -  a 01 
9 9 9 9 9  
m m : n  . . . 2 :  n 'e a N ,e 
Y D .  
LL G U . 0  
o w  J .  
I- v) 
n o ! n  I H L n a a n n  
v) 
w I-
W 
a 
a 
D- 
3 
a 
a 
c( 
I ,  
Figure C-8 
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INFLATABU TORUS STRUCTURAL DESIGN PROGEAM 
EScemple Output Data 
(Continued) 
! 
I 
I 
I 
I 
I 
I 
I 
I 
I 
Q 
c 
0 
0 d 
U I- 
J w 'L
m 
M 
a e 
m  
Q 
n .- 
I 
3 
* m Q
t - 
u 
2 
-1 4 
0 m c
% 
II 
X a
w J 
U 
I 
I 
! 
! 
I 
I 
, a  
.4 
I 
.a 
* 
J W 
r. 
a 
Y 
h 
! 
I 
UP 
I- 
I Lu 
-1 
W >
I.- 
a. 
U c
m 
I 
I 
a. 
E 
8 .  
r- 
I 
LL 
I J  w a.
; I  
I 
. I  
: I  
- c  
o m  
. .  
0 0  
- I  
I I  
W I r .  - 1 2  
w w  > >
I -  rn 
c, 
0 el
I 
LI; 
-I 
W >
U 
m a 
I 
Lu 
-I W 
U - 
el r- 
U m
I U 4
00 E
U 
Y 
3 
E 
0 c
a 
I 
VI 
1 
I- 
-4 
0 
e 
5 
9 N 
Y II. 
U 
.I 
3 U 
0 
c n 
0 
m 
1 
I z 
I,. 
m 0.
I 
W 
J 
W > 
1- 
m 
.o c
Q 
- 
c r -  . .
N 4  * *
I .  
W b  d J
w w  > >  
P 
0 
m 
I 
IL J 
&I > 
n 
4 .-
c rl 
a I C  . r  . . I .  
.D 
Q 
U, 
0 5) 
I 
Y e
m 
m 
e 
n 
D 
0  
II c
m " 
3 
m 
0 
0 
0 
m 
I 
h U 
0 LL
a 
d 
c 
c) 
N t
m UI
c 
N 
d Q 
r 
I ' I  I 
% 
II : I  
4 I 4  
i r k  
1 1 1  
LL Y . Y  
4 4 4  
I n  
Y Y  4 ' 4  
i 
N Q O  
0 0 . 0  
m m *  . , .  . 4 ' e  o c  * t  . .  m r- . F  r - m m  * a d  . . .  
u ' n  n :  Y Y I  a n ' -  I a 1 8  a a . n  
C E  
c o  c. .  
3 . -  
O O O E U D O  
O O O O O C O  
U E C E G C C  
c 0 J C. c, 5 ;. 
. . . . . . .  0 0 0  0 0 0  c o o  . . .  
13 5 
0 0  
0 0  
E "  . .  - E ,  
II I I 
l - t l -  
V I I n m  
3 .c 3 
I " "  
N ul 8 -  . . . .  
I1 I 11 I1 Y 
I 
- ' m  J Q 
' ? I ?  p 2 . . . . . . .  
N ,e 0 n 
c- 
m c
D 
D - r. 
c m n  
V N -  
m c -  
0 ' Q  .- 
. . .  
I l l  I Y  n ' H  Y, 'ul 
m II n 
J JI  
I 
Figure C-8 (continued) 
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INFLATABLE TORUS S!IXETWL DESIGN - - - - * * *  
Example Output Data 
Figure C-8 (continued) 
(Continued) 
I 
r, 
0 
m 
L 
F a 
-I 
W > 
c 
f- t- 
R 
V m 
I 
c 
n 
d 
I I- 
-I W >
n 
: 
Q m 
p. c
I 
I 
Y U
D Q 
U n 
4 *
: 
i m 
u 
I- 
In U
3 
0 
9 
M 
m 
c 
W 0
;L 
Y 
P 
N  
I 
n 
J 
- 
0 
N 
I t
-1 
W w
1- 
Q 
e (u
d 
n 
I 
b. 4
n 
I- m 
1 
0 
0 I-
Q F
m 
l- 
Y) I 
D 
m 
0 
A 
m 
n 
W V
0 Y 
+ 
m 
0 
N 
4 
I In 
Q 
c N
m 
I- 
(c 
J 
W > 
't 
0 
r- c
4 
LL 4
m 
t- 15
I n 
a 
5 
t 
m c
0 
#- VI -
a 
Y) 
0 .n 
4 
N -. 
I 
i )  
0 
yl 
a 
0 ,= 
U 
0 N 
I 
N 
I 
9- 
U 
-l W 
n 
-* 
c. t-
m cn
a 
I 
U 4
r- 
0 n 
I D
c 
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C.4 PROGRAM DESCRIPTION 
The flow char t  shown i n  Figure C-9 shows major events i n  the s t r u c t u r a l  
design program. 
major events. 
Comment cards i n  t h e  program addi t iona l ly  a id  i n  ident i fy ing  
The l i s t i n g  f o r  t he  In f l a t ab le  Torus St ruc tu ra l  Design Program is pre- 
sented on the  following pages. 
f 
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i I  
\ 
Figure C - 9  
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lXF'IATABLE TORUS STRWTURAL DESIGN PRCGFUM 
PROGRAM U l R  (INPUT,UUTPUTtTAPtS=INPUTtTAP€6=bUTPUT) 
D I M E h S I O N  A S A V E ~ 1 0 0 ~ t b S A V t ~ 1 0 b l t C S A V ~ i l O O ~ t ~ S A V E ( 1 O O ~ ~ E S A V E ~ l O O ~  
DIMENSION F S A V E ~ 1 0 0 ~ t G S A V E ~ 1 0 0 ~ ~ H S A V E ~ l O O l t P S A V E ~ 1 O O ~ t ~ S A V E ~ l O O ~  
l , S S A V E ( 1 0 0 1  
l , Q S A V E ( 1 0 0 )  
10 READ ( 5 , 3 3 0 )  A t t i t C t D t R H O P t V F t F M A X L F t R D I A  
READ ( 5 , 3 3 0 )  R S 1 , R S 2 , R S 3 , F A 1 2 h i T ~ F A B S T ~ P L Y l t P L Y 2 t P L Y 3  
READ (5,3301 BFS,SCFWTtEiETtPAtCK 
U R I T E  16,3201 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
PROGRAM DETERMINE5 REGiUIRED TORUS BAG RADIUS AND I N F A T I O N  
PRESSURE FOR A DISIREO VELOCTIY C A P A D I L I T Y  AND biAXIi.IU;4 
LOALj FACTOR 
INPUT PAKAMLTEKS 
A PAYLOAD DIAMETkR ( I N . )  
C PAYLOAD HEIGHT i IN. I 
D PAYLOAD GIMB3L WIDTH ( I N .  1 
RHOP PAYLOAD DENSITY (POUNDS/CUBIC FOOT) 
VF DESIRED VCLOCITY C A P A B I L I T Y  i L I M I T )  I N  FEET/SECOND 
FMAXLF DESIRE3 MAXIMUM LOAD FACTOR ( L I M I T )  I N  G*S 
R d I A  ROCK DIAhCTEK ( I N C H E S )  
H 5 1  ASSUMEI, BAG RADIUS (FOR CURVE F I T )  I N C n L S  
HS2 ASSU4iEu OAU R A L J I U S  (FUR C U d V r  F I T )  INCHEs 
n s 3  HssufdEu t j ~ b  RAJIJS C U R V ~  FIT) I N C H ~ S  
FAbWT DAG k A T t K 1 A L  U r t l b t i T  ( F W  u N t  P L Y )  L d S / b w . F w i T  
F k b S T  dAG M A T c R I k L  S T R t k b T t i  (FUR UirE P L Y )  PUUtqDS/IaqCH 
P L Y 1  DESIRED M I ~ I I V ~ U P I  I\rUi.IbtK OF PLYS INi4l;K 1 2 0  uEuREES 
E! PAYLUAlJ GI id83L HALF-Ht lGh lT  ( I N .  I 
(PAYLOAD ATTACH) 
P L Y 2  DESIRED M I N I i d U h  hUKBER OF PLYS UPPER A110 LUWEK CENTER 
60 DEGREES 
P L Y 3  D E S l R E d  141NI>id~t NUHBEK OF PLYS OUTtiq 1 2 0  DEi lkEES 
BFS i jAG FACTOK OF SAFETY ( U L T I ~ 4 A T E / L I t i l T )  
SCFWT U L I G r i T  GF SCUFF PKOTtCTIUfd  ~ L G S / S W O F O U T I  
PA AHBIENT PRESSUKE ( P S I )  
bET ANGLL u r T I y c t N  CRUSH P L A N t  A i \ d  X A X I S  ( R A o I A i q 5 1  
CK POLYTROPIC GAS CONSTANT 
H S  R E L U I R ~ L .  DAG RADIUS ( I h C r t t S )  
R L  H E w U I R ~ U  RAGIUS F13~i.f  TbdUS CEhTER Ti, DAU CLI\TLK ( I N . )  
P I  R E Q U I R E i  I N F L k T I i r , q  P k i S S b K E  AESGLclTt ( P 5 1  1 
PF LIPIIT BAG PRESSURE A T  L I M I T  STRWKE iPOUNDS/Sb. Ih*  I 
OUTPUT DATA 
ABSOLUTE 
FLOADF MAXIMUPi L I M I T  LGAD FACTOR A T  L I M I T  STRC'KE (G*5) 
WP PAYLOAD WEIGHT ( P O I N D S )  
WL WEIGHT OF LANDrhG SYSTtM I ILCLUL)I l \u bAStZXCLUDING bOTTLE 
WIS LtEIGtuT UF I N F L A T I O I I  S Y S l t l v i c a b T T L E  nP40 bAh (i'3O;iuS) 
P L Y l F  KEQUIREJ iLC. PLYS I r 4 l u t K  120 L ; t b R L t S  iPAYLOAU ATTACH) 
PLY?F RCOUIRLU NU. PLYS W T t H  1 2 0  d E ~ l i ; t S  
I POUNDS ) 
P L Y 2 F  R E w ~ l R c u  Nu. PLYS UPPER t!IGl LONER LLNTL~X bO u t G R E E S  
S T R E S l  MAX. ULT. KUI.LI\LING LUAL; IXJrIEII 120 Li tURi iE5 ( P d U N 3 S / I N C H )  
STRESZ MAX.RUNkING LCAb IJPPER AND LOWLR CEI'.ITE.;I 6 0  DEGREES 
( L B / I N .  1 
STRES3 MAX. RUNNIKG LUAL; OUTER 1 2 0  U E G R i I c S  ( L o . / I N . )  
WLl L A N b i N G  SYSTE:I b t I G H T  SAG RS1 (POUtrDS) 
D1R 2 0  
D l H  30  
D1R 40 
D1R 50 
D1R 6 0  
D1R 70  
D1R 80 
D1R 90 
D1R 100 
D1R 110 
D1R 111 
D1R 1 1 2  
D l i c  130 
D1R 140 
D l R  150 
D1R 1 6 0  
D1R 1 7 0  
D1R 1 8 0  
D1R 190 
D1R 200 
D1R L l O  
D i K  L Z O  
U1R 2 3 0  
0113 240 
D I K  ~ 3 0  
D i R  L b O  
01R 2 7 0  
D1R 2 7 1  
D l R  2 8 0  
D1H 2 8 1  
D l R  i Y 0  
D1R 300 
D l R  3 1 0  
D1R 3 2 0  
D1R 330 
D l R  340 
D l t t  350 
D1K 360 
D l R  370  
D l R  l r & O  
D1R 5 Y O  
DLR 391 
D1R 4 0 0  
D1R 4 1 0  
D l R  4 2 0  
D l R  4 2 1  
bit7 430 
D1R 440 
D1R 4 5 0  
D1R 4 6 0  
D1R 4 7 0  
D1R 480 
D1K 4 8 1  
0 1 H  490 
Dit? 500 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
c 
C 
c 
C 
C 
C 
C 
c 
c 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
c 
c 
C 
20 
3 u  
WL2 L A N D I N G  SYSTEM k!EIGHT DAG R S 2  (POUNDS)  D1R 5 1 0  
WL3 L A N D I N G  SYSTEM WEIGHT EjAG K S 3  (POUNDS) D1R 5 2 0  
W I S l  I N F L A T I G N  SYSTEN k iEIGHT (POUNDS) dAG 1151 D l R  5 3 0  
W I S 2  I N F L A T I O N  S Y S T t K  N t I G h T  (PUYIUDSI DAG l is2 D1R 540 
W I S 3  I N F L A T I O N  SYSTEPI LdEIGhT (POUNDS)  crAb kS3 D l R  550 
P I 1  I N F L A T I O N  PRkSSUi?E CIA6 R S 1  ( P S I )  D1R 5 6 0  
P I 2  I L F L A T I C N  PRESSURE BAG HS2 ( P S I )  D1R 570  
P I 3  I N F L A T l L l R  PRESSUKC oA6 R S 3  ( P S I )  D1R 580 
PF1 PRESSURL AT M A X . L I M I T  STROKE L A G  H S 1  ( P S I )  AdSOI-UTE D1R 590 
P F 2  PRESSURE AT i*IAX. STROKE bAG KS2 ( P S I )  D1R 600 
P F 3  PRESSURE AT MAX. STROKE BAG R S 3  ( P S I )  D l R  610 
F L O A D l  C1AX.LIMIT LOAD FACTOR BAG R S 1  ( G * S )  D l R  620 
D1R 6 3 0  F L O A D 2  MAXIMUM LOAD FACTOR BAG R 5 2  (G*S) 
F L O A D 3  MAXIbIUM LOAD FACTOR BAG R S 3  (Gas) D1R 640 
D1R 6 5 0  s STROKE I NCi lES 1 
FORCE TOTAL LOAD NGREiAL TC; S U R F A C t  (POUNOS) C IV I IT  D l R  460 
D I S T  Y D I S T A K C C  TO C E h T R O l O  OF F ~ ~ T P H I ~ U T  AREA (lruCHES1 D l R  6 7 0  
P L I M I T  BAG PRESSURE AT STKOhE S ( P S I )  AdSOLUTE D1R 680 
A F  F O O T P R I N T  AREA ( S W A R E  I N C H E S )  D l R  690 
CLEAR PAYL0hO/GROUi<D CLEARANCE FOR IMPACT AT ANGLL 8 E T  ( 1 N C H E S ) D l R  7 0 0  
A L C L  ALLOUABLE CLEARANCE BETWEEN PAYLOAD AND GROUND ( I N C H E S )  A D l R  710 
U TOTAL t N E R 6 Y  AbSORBED FOR L A N D I N G  AT ANGLL UET D 1 R  730  
( I NCI I PCibNCS I D l K  7 3 1  
VELBT L I M I T  V L L X I T Y  C A D A b l L I T Y  FUl i  L A N D l h G  AT ANGLE B E T  D l R  740 
( F E E T / S E C O N D l  D1H 7 4 1  
CLEARE PAYLOAi j / LRCUND CEARANCE FOR LNG L A N G l N d  ( d E T = 9 0 U E G R E E S l  I D l R  7 5 0  
UE TOTAL ENtRGY AbSGKt iEG FOK L W  LANUIIU; ( I h C n  PCUl\rDS) C I R  7 6 0  
V t L E  L I i V i I T  V L L G C I T Y  C A P A d I L l T Y  FUN END L A N D I N G  ( F t E T / S E C O A D )  D1R 770  
GAi4A BAG ASGLE W I T I I  LOCAL HORIZONTAL AT P A Y L d A C  ATTACH-END D1R 7 8 0  
L AlLD 1 NG ( RAD I AN5 ) D1R 7 8 i  
R D 1  OUTER R A D I U S  AT MAX STROKE P 3 I t i T  ( I f 4 C l i E S l  D1R 790 
STROKE P O I N T  . D I R  8 0 1  
A L C E  ALL3WABLE. CLEARAWCE SETWEEN PAYLOAD AiJD GROUND END D l H  810 
L A N D I N G  A L L G w I N G  11.8( OF AVA1LAsL.E STKGKE FOR U L T l W k T E  D1R 820  
VELOC 1 TY C A P k b  1 L I TY ( 1 PiC‘oiES I O l R  021 
G S T k 1  N A X .  I IUIUI \ IhG L d k D  II.l!\tR 1 2 0  DEGKELS , P U V N D S / i N C H )  D1R 830 
UL T I l4X T i D1R 8 3 1  
c G S T I I 2  NAX.  hUr’,lvligG L v i d  UPFJLI~ dI\D LWLK CLF~TCR 60 d t S K E t S  D i R  640 
D l R  8 4 1  (LL I . / IN .  1 ULT1i” iATi l  
E G S T K 3  i 4 A X .  RUiuaIWG LciAD OUTcK 120  3 E G X t t S  ( P d U i d D S / I N C H )  . I ) l R  650  
UL T I r.l A T L 3 1 R  8 5 1  
D I R  8 6 0  
r i R I T E  1 6 , 3 4 0 )  D1R 870 
WRITE ( 6  9 3 5 C  1 A,B 9 C, i i ,RnDP ,VF 9 FCIAXLF ,HD1 A D I R  680 
k R I T t  (6 ,360)  K S l , R 5 2 , R S 3 , F A t i k T , F A ~ ~ T Y P ~ Y l , ~ L Y ? L Y 3  D I R  ti90 - D1K 900 
D1R 910 
W R I T E  ( 6 , 3 7 0 )  B F ~ ~ S C F K T V D E T I P A ~ C K  
DO 20 1 = 1 ~ 6 C D  
A S A V E ( I l = O . G  D l R  920 
dG 3 0  J = 1 1 6 0 0  D i t ?  $ 3 0  
F S A V t ( J l = O . O  D i K  940 
uETl=bET D I K  9 5 0  
R S = R S l  D 1 H  960 
I v P ~ ~ O ~ 7 8 5 + C * / \ * * 2 + 6 ~ 2 0 * D * b * ~ A + D l ) * 1 i H O ~ / 1 7 2 i i ~  D1R 970 
D l R  980 
1 1 . 8 (  OF A V A I L A B L E  STl iCKE FDR ULT.  V E L O C I T Y  C A P A a I L I T Y  D l R  720 
R D 2  R A D I U S  AT PAYLOAD ATTACH - END L A N D I N U  ( I N C H E S )  MAXIMUM D I R  800 
P M= W P / 3 L: 6 C 
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4 c 
C 
7 i: 
C 
c 
c 
r L 
80 
bli i  790 
Li i r ! lOc)O 
LJ lKlOl0 
IJ lli 10 2 0 
U l H 1 0 j O  
iJ 1 I< 1 c 4.0 
0 l i i  IO 5 0  
Dll<lQ60 
L). 1 K 1 0 7 0 
D l K l C ~ O  
0 lii 1090 
L)lH1100 
li l i i  1 1 i 0 
L j i n i  iL'0 
31i<11 j0 
b 1 I< 1 1 4 3 
LJ lo< 1 1 5 0  
1; 1K 1 1 G O  
D l i?  1 1 7 0 
ClR1180 
C, lii 1 1 40 
q l H l i o o  
3 1 R 1 2  10 
31R1220 
a121230 
L, 1Ii i 2 40 
3 1R1233 
D i i i i Z t i 0  
1) I r i  1 L 7 u 
c l i i i i b o  
0 i k 1 L 9 0 
D 1 i i  1 3 0 0 
D lit 1 3  1 0  
D ll< 1 3 2 0 
C 1 i< 1 3 3 0 
Dlli1340 
I) i 2 i 3 5 0 
31i\i36? 
C; lI\ 1 3 7 0 
G i K l 3 a O  
SiR1390 
U l K 1 4 0 0  
Dlk1410 
DlR1420 
ClK1430 
D I K 1 4 4 0  
Dlli l450 
D1K 14hO 
UiR1470 
D I g l 4 d O  
U 1K i490 
O l H l 5 0 0  
Dlt i l5lO 
u l l i i 520  
0 1R 1530 
DlR1540 
' 249 
FLOADF=FLOADF*BFS 
PF=RFS*VOLR**CK*(PI-PA) 
C CALCVLATE HAG STRESSES, TI.11 CKNtSSES, AND UPl jATE bAS WE I GHT 
R A T I = R S + ( l . O - Y R S ) / ( l o 5 7 * ~ S - Y H S * ~ S - U )  
THE=OaO 
D T H E ~ O o O 4  
YO THE=THE+uTHE 
I F  ( T H E o G E . 3 o l )  GO TO 100 
R A T O = S I N ( T H E ) / T H E  
RRl=RS*(loO-YRS)/SIN(THE) D l K l 6 5 0  
GO TC 110 D l R 1 6 6 0  
100 R R l t O . 0  D lli 16 7 0 
S T R E S l = ( F L O A D F * ~ l ' / ( 6 * 2 ~ * I ~ P ) ~ ~ F ~ ~ ~ l ~ C ~ S ( T h ~ - l o ~ ~ ) ) / c ~ S ( P H ~ )  D lli 1 6 Y 0 
PLY l F = S T R E S l / F A t i S T  D 1K 1 7 0 0  
I P L Y l = P L Y l F  112 1 7  10 
I F  ( ( I P L Y l + o O O l ) o G T . P L Y l F )  (io TO A20 D l R l 7 2 0  
P L Y l F = I P L Y l + l o  L, IHi 7 3 0  
120 I F  ( P L Y l F o G T * P L Y s l )  GO TU 130 D l H 1 7 4 0  
PLY l F = P L Y  1 i ) l K 1 7 5 0  
1 3 0  WLMl=FABWT*PLYlF*Al/l44o D l R 1 7 6 0  
I F  ( R A T I o L T o R A T O )  ti0 TO Y O  
110 P H I = O o 4 2 2 * S / R S  D iri 1 Gao 
t 
S TRE S2=  ( G 2 S * H  P*S TRF S 1 Q COS ( P k  I 1 +O 16 7*WL*F-LOAUF-3.14+P I-* ( 1\P*liS+0 2 5  1 K 1 7 7 0  
1 5 + R 5 * + 2 )  ) / ( 3 . 1 4 + ( R P + R S / 2 . 0 ) )  D i R 1 7 8 0  
STREHZ=PF*RS/2oO C 1 R  1 7 9 0  
S T R E S 2 = A V A X l  (STREH2 gSTIIES2 1 I) 1K 1 8 0 0  
PLYZF=STRE52 /F  AnST D 1K 1 8 1 0 
I PLYZ=PLY 2 F  D i i i l u 2 0  
P L Y Z F = I P L Y Z + l .  D i K 1 Li 4 0 
140 I F  ( P L Y Z F e G T o P L Y Z )  bo T i i  1 5 0  D l t i  i85O 
PLYZF=PLYZ D l F i l d 6 0  
1 5 0 k LM 2 = F AB k! T* F. L Y 2 F * A  2 / 14 4 rn 0 113 1 U 7 0 
U 1K 1 8 9 0 
D 1 R  1900 
STRES3=AVAX1 (STREb13 9 STRE,53') I) 1R 191 0 
PLY 3 F = S Ti? ES 3 / F  Ai3 S T 0 1 ii i 9 2  0 
I P L Y 3 = P L Y 3 F  D 1 H 1 9 3 0  
I F  ( ( I P L Y 3 + . 0 0 1 ) . G T . P L Y 3 F )  GCi Ti: 160 D i R 1 3 4 0  
P L Y 3 F = I P L Y 3 + 1 .  i, l i i lS5O 
160 I F  (PLY3FoGT.PLY3)  GO TCi 170 u iRl YGO 
P L Y 3 F = P L Y  3 U i i <  i 9 7 u  
1 7 0  $!LM3=FAUbT*PLY3F+A3/144. 5 1 K 1 9 8 0 
h;i S=PI * R S * * ~ + H L / ~ ~ ~ ~ ~ O .  0 l l i  1 9 9 0  
V L = W L ~ l l + V L ~ 2 + ~ . ~ L ~ . I 3 + k S K F + O .  1 1 6 5 * t ~ i  5 O l R i O O O  
P F = P l * V C L R  D l R 2 0 1 0  
FLOADF=FLOhCF/f<FS D l f i 2 0 2 0  
VOUNT=YOUbtT+l D 1R2040 
I F  (MCUhToLT.3 )  GC TO R C  O l A L 0 5 0  
O l K L 0 7 0  
D i K i O S O  
I F  ( ( I P L Y 2 + . 3 0 1 ) . G T . P L Y 2 F )  G O T 3  140 i> 1 R  1630 
S T R E S 3 = ( 6 2 8 * 13 Pi+ S T R E S 1 *COS ( P H I 1 -1.0.3 3 3 * WL Q F L UA DF - 3 1 4* P f -  * ( I<? * ti S i: 3 e 0 U i 13 1 8 8 0 
1+2025+HS++2))/(3.14*~~P+i.5+4S) 1
. ,  STREH3=PF*RS/E o n  
PO=P I -PA cJ1112030 
I F  ( K O U N T o G T o l )  L G  TC 1130 L: I l i L O b O  
k L  1 =\;'L bl i iLOd0 
P I  l = P l  D l l i Z 1 0 0  
FLOACl=FLOAUF 
w I s1 = w  I s 
O l R l 5  50 
D l R 1 5 6 0  
D l R 1 5 7 0  
D 121 5 8 0  
D i R 1 S Y O  
D i R l b O O  
D l K 1 6 1 O  
D l F i 1 6 2 0  
D 1 I< 1 6 3 0 
D A K l b 4 0  
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1 3 0 
190 
2 4 ;  
L 
2 5 0  
APPENDIX C 
O l k 2 6 7 0  
3 l k 2  6 8 0 
O l K 2 5 9 0  
DlP.2700 
D 18 2 7 1 0 
0 1 R 2 7 2 0  
3 1 R Z 7 2  1 
D 1 R 2  7 3 0  
D 11: Z '14 0 
3 1 R L 7 5 0  
D l K Z ' 1 6 0  
0 lii C 7 70  
D l t i 2 7 8 0  
D lik! Z 7 9 0  
D l i i 2 b 0 0  
D l R 2 8 1 0  
D 1 ;< 2 8 2 0 
Dli3.2830 
D 1R 2 6 4 0 
D l R Z a 5 0  
D l R i t 3 6 0  
D l R L 8 7 0  
D 1 It2 &SO 
D lii 2 8 90 
D i R L . ' i O O  
D l F ( Z Y l 0  
D l R L 9 2 0  
D 1Y 2 9 3 0  
D l i t 2  440 
D l R Z 9 5 0  
D 1 R Z Y  60 
D l R 2 9 7 0  
D l K Z 9 Y O  
0 lli L Y 3 0 
i ) i l < 3 C O O  
D l r i j O l O  
u 11; 402 0 
D l I < j O j O  
0 lR3040 
UlK3050 
D 1 ~ 3 0 6 0  
L j l f i  3070 
DlP.3080 
DlR.3090 
0 1113 1 3 0  
D l i i 3 1 1 0  
u i R 3 i 2 0  
D l R 3 1 3 0  
DlK3140 
D l R 3 1 5 0  
D l R 3 2 6 0  
D 1 k 3 1 7 0  
D l R 3 1 8 0  
D l R 3 1 9 0  
D l 2 3 2 0 0  
D l R 3 2 1 0  
252 
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3 J . 2  
3 10 
360 
410 
4 2 0  
430 
440 
4 5 0  
253 
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APPENDIX C 
C 
C 
10 
2 0  
3a 
4 0  
5 t i  
60 
70 
86 
. .  
SUBROUTINE LOAD ( R S * R L , U ~ P O , P A , f i E T t S * I N D * F O ~ C E ? ~ I S ~ * P * ~ F * C K )  DZR 10 
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END 
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D. 1 INTRODUCTION 
The In f l a t ab le  Torus Landing Loads and Motions Program determines the  
s p a t i a l  posi t ions,  ve loc i t ies ,  and accelerat ions of a given in f l a t ab le  
torus  lander as a function of time. 
t he  normal force  due t o  compressing the  torus  i n f l a t i o n  gas and t h e  f r i c -  
t i o n  forces  and moments, 
the  In f l a t ab le  Torus S t ruc tura l  Design Program, Appendix C, or a lander 
design may be ava i lab le  from some other source. 
These parameters a re  determined using 
The lander configuration may be established with 
Features incorporated i n  t h i s  program include t h e  a b i l i t y  t o :  se lec t  
up t o  six degrees of freedom thereby allowing simulation of s p a t i a l  motion; 
vary load/stroke hysteresis  e f f ec t s  on rebound, lander geometry, surface 
slope, coef f ic ien t  of  f r i c t i o n ,  rock diameter; s e l e c t  values f o r  as many a s  
eight independent parameters used t o  stop machine computation; and a b i l i t y  
t o  se lec t  var iab le  o r  constant step Predictor-Corrector or Runge-Kutta inte-  
grat ion methods. 
and posi t ion;  l i n e a r  and ro t a t iona l  ve loc i t ies ;  lander geometric and i n e r t i a  
Input data t o  t h i s  program includes i n i t i a l  lander a t t i t u d e  
propert ies ;  and surface conditions such as ground slope, coeff ic ient  of 
f r i c t i o n ,  and rock diameter, Output data cons is t s  of t h e  lander ' s  trans- 
l a t i o n a l  and angular posi t ions,  ve loc i t ies ,  and accelerat ions as a function 
of time. 
The In f l a t ab le  Torus Landing Loads and Motions Program was developed 
The lander i s  comprised of 
The payload 
f o r  a landing vehicle as shown i n  Figure D-1. 
two main par t s ;  t he  in f l a t ed  landing system and the  payload. 
cons is t s  of a cy l ind r i ca l  shaped package mounted i n  t h e  center of t he  
API’ZNDIX D 
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i n f l a t ed  t o r u s  impact bag. A gimbal r ing  supports t h e  payload s t ruc ture  and 
allows t h e  required payload alignment t o  occur following landing. 
landing, t h i s  gimbal r ing  i s  locked so that it provides r i g i d  support f o r  the 
payload. The payload package and gimbal r i n g  are assumed t o  have a uniform 
During 
weight densi ty ,  
The i n f l a t a b l e  torus  i s  constructed of a su i tab le  f ab r i c  coated w i t h  an 
elastomer t o  provide gas containment and scuff res is tance.  
assumed t o  be an unvented, uncompartmented s t ruc ture  with material hysteresis  
e f f e c t s  included i n  t h e  analysis .  
w i t h  minimum weight, t h e  thickness  of t h e  torus  mater ia l  may be changed i n  
three s teps  as shown i n  Figure D-2. The symbols PLY1, PLY2, and PLY3 a r e  
The to rus  i s  
To provide t h e  required to rus  s t rength 
used t o  designate the  number of mater ia l  plys  i n  t h e  respective torus  sec- 
t i o n s  and FABWT i s  t h e  weight per square foot  of one p ly  of mater ia l ,  
terms are consis tent  w i t h  t h e  In f l a t ab le  Torus S t ruc tura l  Design Program, 
\ 
These 
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V A R I A T I O N  OF TORUS MATERIAL THICKNESS 
Lander C 
t 
I \Ply 2 
Figure D-2 
L 
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I). 2 ANALYTICAL PROCEDUnES 
D.2.1 COORDINATE SYSTEMS - Three coordinate systems used t o  define t h e  
motion of t h e  lander as a function of time a r e  shown i n  Figure  D-3. 
th ree  systems are right-handed and each cons is t s  of th ree  orthogonal axes. 
These coordinate systems a r e  defined as follows: 
All 
o A coordinate system moving w i t h  t h e  lander and fixed at i t s  center 
of grav i ty  (X,  Y, Z). 
coordinate system. 
ing vehicle and t h e  Y and 2 di rec t ions  are chosen a r b i t r a r i l y .  
This system i s  refer red  t o  as t h e  lander 
The X axis i s  t h e  a x i s  of symmetry of t h e  land- 
Roll, 
pitch,  arid yaw axes coincide w i t h  t h e  reference X, Y, and 2 axes 
respectively.  I n  defining the  signs of ro ta t ion ,  t h e  right-hand 
r u l e  i s  used, 
A coordinate system fixed i n  t he  planet and aligned with the grav i ty  
vector ( X f ,  Yf, Z f ) .  
coordinate system. The Zf axis i s  directed toward t h e  center of t he  
planet and t h e  pos i t ive  Xf and Yf axes a re  directed toward the  north 
and eas t  respect ively.  
A coordinate system fixed i n  t h e  planet, and or iented w i t h  respect t o  
the  slope of t h e  l o c a l  surface (Xis, Yls, Zls). 
ferred t o  as t h e  surface coordinate system and d i f f e r s  from t h e  
grav i ty  coordinate system by t h e  ro t a t ion  cy about t he  Xf axis. 
o 
T h i s  system i s  referred t o  as the  gravi ty  
o 
This system i s  re- 
These coordinate systems a re  r e l a t ed  by the  following expressions where 
TR and TRL a re  t h e  matrices of d i rec t ion  cosines: 
and 
X 
Z 
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TR (I, J) 
= [ TRL (1,J) 
These transformations are used f o r  r e l a t i n g  fo rces ,  acce le ra t ions ,  v e l o c i t i e s ,  
and displacements between t h e  various coordinate systems. 
During t h e  i n t e g r a t i o n  of t h e  equations of motion, one or  more of  t he  
d i r e c t i o n  cosines may become s l i g h t l y  g rea t e r  than  one. T h i s  i s  a r e s u l t  
of t h e  lander experiencing high angular v e l o c i t i e s  and i s  due t o  t h e  f i n i t e  
s t e p  na tu re  of t h e  numerical i n t eg ra t ion  methods employed. 
t h e  program p r i n t s  out a message, recomputes t h e  d i r e c t i o n  cosines such 
t h a t  t h e  d i r e c t i o n  vector i s  normalized, and continues t h e  i n t eg ra t ion .  
ASSUMPTIONS - It i s  assumed i n  t h e  ana lys i s  that t h e  lander m y  
When t h i s  occurs, 
D.2.2 
be represented as a r i g i d  nnss experiencing fo rces  and moinents a t  i t s  center  
of grav i ty .  These loads are comprised of t h e  normal fo rce  due t o  compressing 
t h e  t o r u s  i n f l a t i o n  gas and t h e  f r i c t i o n  fo rces  and assoc ia ted  torques due t o  
the  motion of t h e  t o r u s  ma te r i a l  r e l a t i v e  t o  t h e  landing sur face .  
loads are resolved t o  t h e  l ande r ' s  cen ter  of g r a v i t y  and t h e  r e s u l t i n g  equa- 
These 
t i o n s  of motions take  t h e  form 
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COORDINATE SYSTEMS 
Lander Coordinate System 
+ Y  
$ (Yaw) 
/ 
Gravity 
Local Surface Coordinate System 
(Eost) 
(Zr Aligned With 
Planet’s Gravity 
Vector.) 
Figure D-3 
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and 
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Basic assumptions which a r e  re f lec ted  i n  t h e  d i g i t a l  simulation of t h i s  
study are a s  follows: 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Rigid body payload 
Unyielding landing surface 
No surface protuberances o r  depressions other than rocks 
Aerodynamic forces  a re  negl igible  
Changes i n  moments of i n e r t i a  a r e  negl igible  
Normal force  unaffected by f r i c t i o n  force  
Normal force  calculat ion based on assumed torus  def lec t ion  shape 
F r i c t ion  force  function of normal force 
Coefficient'  .of f r i c t i o n  changes l i n e a r l y  from zero a t  zero s l id ing  
ve loc i ty  t o  t h e  constant input value ( A N )  over a small (input 
quant i ty  V M I N )  ve loc i ty  increment 
Direction of f r i c t i o n  force opposite t o  footpr in t  area centroid 
ve loc i ty  
Deformations of t o rus  due t o  f r i c t i o n  forces  a re  neglected 
Idea l  gas undergoing polytropic compression process 
Torus mater ia l  hysteresis  e f f e c t s  a r e  included 
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11.2.3 MEXHODS OF ANALYSIS 
D.2.3.l Normal Force. - The a n a l y s i s  requi red  t o  determine t h e  norinal 
f o r c e  as a func t ion  of t h e  l a n d e r ' s  s t roke  and a t t i t u d e  i s  presented here. 
This  f o r c e  i s  normal t o  Lhe landing sur face  and i s  t h e  r e s u l t  of compressing 
t h e  t o r u s  i n f l a t i o n  gas while t h e  lander  i s  i n  contac t  with t h e  ground, 
There a r e  two landing  condi t ions which r equ i r e  s l i g h t l y  d i f f e r e n t  a n a l y t i c a l  
techniques f o r  p red ic t ing  t h e  normal fo rce ;  (1) 
l a n d e r ' s  a t t i t u d e ,  p i s  zero and (2)  an obl ique landing where p i s  not equal 
t o  zero.  
a f l a t  landing where the  
F l a t  Landing - An assurned t o r u s  def lec ted  shape, as shorn i n  Figure D-4, 
i s  t h e  b a s i s  f o r  p red ic t ing  t h e  normal fo rce  dur ing  a f l a t  landing,  
Assumptions requi red  f o r  determining t h e  f l a t  landing  t o r u s  def lec ted  shape 
a r e  : 
o 
o 
o 
Tangency po in t  @ d i r e c t l y  above @ . 
Torus m a t e r i a l  i s  tangent t o  landing su r face  a t  po in t s  @ and @ . 
Mater ia l  i s  tangent  t o  gimbal r i n g  above po in t  @ . 
o Payload a t t a c h  poin t  experiences only  v e r t i c a l  motion. 
o No s t r e t c h i n g  of t o r u s  mater ia l .  
A system of six equat ions are used t o  descr ibe  t h e  de f l ec t ed  shape. 
From these ,  t h e  six unknown t o r u s  de f l ec t ion  parameters,  H 1 ,  R2, R3,  e ,  f ,  
and O t  are determined f o r  a given s t roke .  These q u a n t i t i e s  a r e  r e l a t e d  
as follows: 
S (&) 
R = R s + e  3 
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TORUS DEFLECTED SHAPE 
FLAT LANDING 
Lander- 
Figure D-k 
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7T nlet+f = - R ,  - B 
2 
R 1  (I - COS e t )  = Rs - ( S  + B )  
f + R1 Sin 8 t  = Rs 
I n  t h e  above, S i s  t h e  s t roke of t h e  payload center  of grav i ty ,  
With t h e  def lec t ion  shape parameters, t h e  f o o t p r i n t  area may be 
expressed as a funct ion of s t roke i n  t h e  following manner. 
Af = 7T ( e  -t f )  (&L + e - f )  
The r e s u l t i n g  i n t e r n a l  t o r u s  volume change i n  terms of t h e  s t roke i s  
shown i n  Figure D-5. 
undergoing a polytropic  process, i s  expressed as: 
The i n t e r n a l  bag pressure, assuming an i d e a l  gas 
n 
P = ( P i  + Pa) (vo/v)  - Pa 
where P 
P i  = i n i t i a l  i n f l a t i o n  pressure - p s i g  
Pa = atmospheric pressure - p s i  
Vo = undeformed t o r u s  volume - in3 
v 
n 
= to rus  gage pressure - psig 
= t o r u s  volume - in3  
= gas constant which determines gas compression 
process 
n=l f o r  isothermal process 
n=k f o r  i sen t ropic  process - where k i s  t h e  s p e c i f i c  
heat r a t i o  f o r  t h e  i n f l a t i o n  gas of i n t e r e s t  
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TORUS VOLUME CHANGE AS A FUNCTION OF STROKE 
FLAT LANDING 
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The normal force ac t ing  on t h e  lander can then be expressed as: 
F = P . ” A f  
where Af i s  the  t o r u s  footpr in t  area.  This  force  a c t s  through t h e  lander ’s  
center of g r a v i t y  and produces no moment about t h e  center of gravity.  
Oblique Landing - The t o r u s  def lec t ion  shape f o r  an oblique landing i s  
more complicated than f o r  a f l a t  landing. An approximate f o o t p r i n t  area 
was determined by i n t e r s e c t i n g  t h e  plane of t h e  landing surface w i t h  t h e  
undeformed torus.  
of t h e  t o r u s  material r e l a t i v e  t o  t h e  landing surface,  
phenomenon, a semi-empirical a rea  reduction f a c t o r  was applied t o  t h e  cal-  
culated chordal a r e a  t o  predict  t h e  t o r u s  footpr in t  area. 
The r e s u l t i n g  chordal a rea  w a s  t o o  large,  due t o  roll-up 
To account f o r  t h i s  
c 
The semi-empirical area reduction f a c t o r  w a s  derived from s t a t i c  t es t  
da ta  f o r  a i n f l a t e d  torus  loaded on end (aeference 2 and 6).  
presented i n  Figure D-6. 
ppinted area (Af), t o  t h e  chordal a rea  (ACHORD), i s  p lo t ted  versus t h e  t o r u s  
s t roke r a t i o  ( S / R ~ ) .  
following r e l a t i o n s h i p s  between t h e  f o o t p r i n t  a rea  and chordal area:  
These da ta  a r e  
The r a t i o  of t h e  experimentally determined foot- 
A l e a s t  squares curve f i t  w a s  used t o  obtain t h e  
Af = L.449 + .326 ( S / i i s r ]  ACHORD f o r  S/R, I 1.537 
Af = ACHORZ) f o r  S/Rs > 1.537 
Employing t h e  above expressions, the t o r u s  volume at  a p a r t i c u l a r  time 
during t h e  landing was determined from: 
I n  t h e  above, t h e  subscr ip ts  t and t-1 r e f e r  t o  t h e  current time and t h e  
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time a t  the  las t  in tegra t ion  step.  With t h i s  expression f o r  t h e  to rus  
volume, t h e  pressure r i s e  and r e su l t i ng  normal force were obtained asswning 
a polytropic process i n  a manner s imilar  t o  t h a t  fo r  a f la t  landing. 
For t h e  general oblique landing a t t i t ude ,  (Figure D-7) t h e  footpr in t  
area versus s t roke was determined i n  the  same manner as f o r  an end landing. 
The chordal area, obtained f o r  t h e  par t icu lar  lander a t t i t u d e  of i n t e r e s t  
w a s  corrected,  using the  same r a t i o s  used f o r  t h e  end landing, t o  give the  
to rus  footpr in t  area.  I n  a manner similar t o  t h a t  of t h e  end landing, t h e  
footpr in t  area was used t o  determine t h e  volume change, pressure r i s e ,  and 
r e su l t i ng  normal force.  It was assumed t h a t  t h e  normal force acted a t  t h e  
centroid of t h e  footpr in t  area.  
of t h i s  force r e l a t i v e  t o  t h e  lander coordinate system. 
loca t ion  r e s u l t s  i n  both a moment and force being applied a t  t h e  lander 
center of gravi ty .  
Figure D-8 ind ica tes  t h e  appl icat ion point 
T h i s  normal force 
A comparison between the  ana lys i s  and t h e  t e s t  data  f o r  t h e  s t a t i c  load 
s t roke re la t ionship  i s  shown i n  Figure D-9. 
f l a t  landing, t h e  ana lys i s  i s  switched between the  f la t  rout ine and t h e  
oblique ana lys i s  whenever t h e  c r i t i c a l  lander a t t i t u d e  i s  reached. 
switching i s  governed by: 
For lander a t t i t u d e s  near a 
T h i s  
p ( radians)  I X  18 - f l a t  ana lys i s  
- oblique ana lys i s  p ( radians)  > (S/Rs)' 18 
The methods discussed f o r  determining t h e  normal force require  know- 
ledge of an appropriate gas compression process. For s t a t i c  loading 
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conditions, an isothermal process (n =-- 1) 
between theory and tes t .  However, i n  t h e  
D 
was found t o  give good agreement 
dynamic case, an i sen t ropic  
process (n = k )  was used. 
model drop t e s t  r e s u l t s  (Reference 2) than when an isothermal process was 
assumed. 
t ires (Reference 3 and 4)  and analysis  of spherical  landers (Reference 5 ) .  
This  resu l ted  i n  b e t t e r  agreement with the  torus  
This t rend was indicated during early dynamic t e s t i n g  of a i r c r a f t  
During t h e  rebound port ion of t h e  impact, when the  lander i s  moving 
away from t h e  surface, t he  normal force is reduced t o  account f o r  t he  
hys te res i s  e f f e c t s  of t h e  bag material .  This e f f ec t  i s  expressed as 
7TS -F = F - HYST % Fmax Sin 
.%lax 
where HYST i s  t h e  bag hys te res i s  f ac to r  and i s  s e t  w i t h  t h e  input data. 
from Reference 2 ind ica tes  t h a t  a f ac to r  of 5 t o  10 percent accounts f o r  t h e  
Data, 
hys te res i s  e f f ec t s .  
The magnitude and loca t ion  of t h e  normal force,  fo r  a given lander 
s t roke and a t t i t ude ,  are determined i n  t h e  subroutine LOAD (Section D.4.1). 
D . 2 . 3 . 2  Torus Effect ive Mass. - During t h e  stroking process of  a 
lander impact, t h e  t o r u s  mater ia l  experiences s ign i f icant  motion r e l a t i v e  t o  
t h e  payload package, I n  addition, material i s  being removed from t h e  
dynamic system as t h e  torus  f l a t t e n s  against  t he  landing surface. To 
account for  t h i s ,  an expression f o r  t h e  e f f ec t ive  mass of the torus  has  been 
formulated. This e f fec t ive  mass i s  a function of Lhe s t roke of the  lander 
payload package and i s  t h a t  port ion of t h e  to rus  mass which i s  included with 
t h e  payload mass i n  the  dynamic system's mass. 
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For a f l a t  landing, a Rayleigh energy approach w a s  used t o  reduce t h e  
d i s t r i b u t e d  t o r u s  m a t e r i a l  t o  an  equivalent s i n g l e  mass term. It, was 
assumed t h a t  t h e  bag ' s  amplitude of e e f l e c t i o n  and ve loc i ty  were of t h e  form 
shown i n  Figure D-lc. With t h i s  assumed ve loc i ty  d i s t r i b u t i o n ,  an expression 
f o r  t h e  material's k i n e t i c  energy i n  terms of t h e  payload s t roke  was 
derived, from which t h e  t o r u s  e f f e c t i v e  mass was obtained. 
During an end landing, t h e  mass of the  t o r u s  f o o t p r i n t  area was removed 
from t h e  dynamic system. It was assumed t h a t  t h e  remainder of t h e  t o r u s  ma,ss 
i s  f u l l y  e f f e c t i v e  a t  t h e  payload center  of g r a v i t y  fo r  this lander a t t i t u d e ,  
T h i s  results i n  an e f f e c t i v e  mass which i s  much l a r g e r  f o r  an end landing 
than a f l a t  landing. 
For lander a t t i t u d e s  o ther  than f l a t  o r  end, a .mass reduction f a c t o r  
was derived which expressed the  e f f e c t i v e  mass i n  terms of t h e  t o t d  t o r u s  
mass. This  f a c t o r  was formulated so t h a t  t h e  r e s u l t i n g  e f f e c t i v e  mass 
corresponds with t h e  values obtained f o r  f l a t  and end a t t i t u d e s .  It was 
assumed t h a t  t h e  reduct ion  f a c t o r  varied propor t iona te ly  t o  t h e  change i n  
f o o t p r i n t  a rea  between f l a t  and end a t t i t u d e s .  
The ca l cu la t ions  required t o  determine t h e  payload mss and moments of 
~- ~- 
i n e r t i a  and t h e  t o r u s  e f f e c t i v e  mass a r e  performed i n  t h e  subrouline IUSS, 
Section D . 4 . l .  
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D . 3  PROGRAM OPEnATION 
D . 3 . 1  INPUT DATA 
D.3.l.1 Input Quantit ies.  - Information descr ib ing  t h e  geometric and 
i n e r t i a  p rope r t i e s  of t h e  s p e c i f i c  lander t o  be studied, t h e  landers 
i n i t i a l  pos i t i ons  and v e l o c i t i e s ,  and a number of i nd ica to r s  t o  i n i t i a l i z e  
t h e  i n t e g r a t i o n  rou t ines  a r e  required as input  da t a  by t h e  program. This 
s ec t ion  d iscusses  t h e  required input q u a n t i t i e s  while t h e  mechanics of s e t -  
t i n g  up t h e  input  da t a ,  required da ta  card format, input pos i t i on  d e f i n i t i o n ,  
and t h e  a d d i t i o n a l  option of modifying t h e  output q u a n t i t i e s  through input 
i n d i c a t o r s  i s  discussed i n  Section D.3.1.2. 
Input parameters are defined i n  Figure D-10. l k n y  of these  q u a n t i t i e s  
are adequately explained i n  this f igu re ,  but a number of them requi re  add- 
it i o n a l  comment s. 
The program i n i t i a l i z a t i o n  rou t ine  assumes t h a t  t h e  i n i t i a l  r o t a t i o n s  
of t h e  lander a r e  ca r r i ed  out i n  t h e  order of yaw ( $ ), p i t c h  ( 0 ), and 
r o l l  ( + ) e  
t hese  r o t a t i o n s  t o  l o c a t e  t h e  lander a t  t h e  des i r ed  i n i t i a l  angular or ien ta-  
t i o n .  
T h i s  po in t  must be considered i n  determining t h e  magnitudes of 
When any of t h e  following ind ica to r s  are read i n  as zero, they  a r e  r e s e t  
i n t e r n a l l y  i n  t h e  program with t h e  nominal values ind ica ted  below. 
t o  guarantee successfu l  i n i t i a l i z a t i o n  of t h e  program rout ines .  
This  i s  
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EMAX = 0 
EMIN = 0 
HMIN = 0 
NMBNCS = 0 NMBNCS s e t  equal t o  100 
D T H E = O  IYi'HE s e t  equal t o  0.03 radians 
In  addi t ion,  i f  e i t h e r  NCUT o r  VMTN i s  i n i t i a l l y  zero, t h e  program w i l l  
EMAX set equal t o  1 x lom4 (see  Appendix F )  
EMIN s e t  equal t o  1 x 1.04 ( see  Appendix F )  
HMIN s e t  equal t o  HMAX 5:- 2 -16 seconds 
terminate w i t h  a n  e r r o r  message. 
A t  the  present time, t h e  program considers a lander whose moment,s of 
i n e r t i a  a r e  constant w i t h  time. Therefore, the  mass moments of i n e r t i a  
ind ica tor ,  IVIMIC, must be s e t  equal t o  zero. 
Several  methods f o r  obtaining computational termination f o r  a partjcu- 
lar  lander case a r e  provided i n  t h e  program. One fea ture  r e s u l t s  i n  term- 
i n a t i o n  when any one of up t o  e ight  var iab les  reach a preset  cutoff value, 
The e ight  cutoff var iab les  a r e  as follows: 
Real time ( T )  
T o t a l  surface ve loc i ty  (TOTSV) 
Surface range (RANGE) 
Velocity p a r a l l e l  t o  surface (TLSV) 
Distance normal t o  surface (ZLS) 
Ro l l  rate (PHID) 
P i t c h  rate (THETAD) 
Yaw r a t e  (PSID) 
XS (J)  i s  t h e  a r r a y  which contains t h e  cutoff value f o r  each cutoff  
var iab le ,  The a r r a y  I N D  ( J )  contains  i n d i c a t o r s  which def ine whether t h e  
i s 4  
APPENDIX D 
cutoff var iab les  are increasing o r  decreasing toward t h e  cutoff values. 
These ind ica tors  are s e t  as follows: 
I N D  ( J )  = 0 - Cutoff var iable  increasing t o  cutoff l i m i t .  
I N D  (J)  = 1 - Cutoff var iable  decreasing t o  cutoff l imi t .  
I n  t h e s e  two ar rays ,  t h e  subscr ipt  J ind ica tes  t h e  order i n  which these 
q u a n t i t i e s  a r e  read i n t o  t h e  program. 
a s p e c i f i c  cutoff value appl ies  i s  governed by i t s  loca t ion  i n  t h e  data 
f i e l d .  
The time h i s t o r y  var iable  t o  which 
The number of lander impacts t o  be considered i n  a p a r t i c u l a r  case i s  
governed by t h e  input quant i ty  NMBNCS. The program terminates  when the  
lander leaves t h e  ground a t  t h e  end of t h e  last impact of  interest. 
i t i o n ,  a s p e c i f i c  case i s  terminated i f  t h e  clearance between t h e  lander 
In  add- 
payload and t h e  surface rocks become l e s s  than zero. 
The q u a n t i t i e s  PTdTRAD and PLTMAS are used t o  determine t h e  p l a n e t ' s  
acce le ra t ion  of grav i ty  a s . a  function of a l t i t u d e .  This re la t ionship  i s  
given as: 
-G 36 PLTMAS 
G Z = g =  
(PLTRAD -zf >2 
I n  t h i s  expression: 
GZ = g = acce lera t ion  of grav i ty  ( f t / sec2) .  
G = Universal Gravity Constant (1.0684 x ft3/lb-sec2). 
PLTMAS = Planet  s mss ( lb-sec2/ft ) . 
PLTRAD = Planet ' s  rad ius  ( f t ) .  
Zf = Posi t ion of lander center of grav i ty  i n  l o c a l  surface Z ax i s .  
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An example of t h e  required date  setup i s  given i n  Section D.3.3. Also 
shown are t h e  various options which are avai lable  f o r  t h e  output data  format. 
D.3.1.2 Input Format, - A l l  of t h e  data  cards required f o r  t he  execu- 
A s  a data  s e t  i s  read, t i o n  of any one case are referred t o  as a data set ,  
t h e  values of t h e  input var iables  with appropriate l abe l s  and messages a re  
pr inted f o r  fu tu re  reference when evaluating the  r e su l t i ng  lander time 
h is tory  output. 
EOD i n  columns 2-4 with columns 5-11 blank. 
number of da ta  sets t h a t  can be run during any one job. 
A data s e t  must be terminated by a data  card containing 
There i s  no program limit t o  the  
Figure D-11 shows t h e  required format for  t h e  input data  cards. The 
input da ta  can be thought of as a one dimensional a r r ay  whose elements contain 
t h e  values of t h e  various input quant i t ies .  
compatible with t h e  Crushable Torus Landing Loads and Motions Program 
(Appendix B )  , and this f a c t  accounts for t h e  apparent blanks i n  t h e  input for -  
mat. 
required with t h e  ana lys i s  of t h e  crushable system. 
are noted i n  Figure D-11. 
The input rout ine i s  completely 
Many of t h e  locat ions i n  t h e  input f i e l d  are used t o  input quant i t ies  
These input posi t ions 
A data s e t  f o r  t h e  In f l a t ab le  Torus Landing Loads and Motions Program 
These three  groups of may consist  of t h ree  d i f f e ren t  types of data  cards. 
cards are described below i n  t h e  order they  a r e  required within a data se t .  
Type 1: 
I n  any one da ta  set, t h e  first three  cards are always used as a descrip- 
t i o n  of t h e  case t o  be run. These cards have t h e  following format: 
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Figure D-11  
Column 1: 
Columns 2-55: 
Columns 56-80: 
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Must be l e f t  blank 
May contain any descr ip t ive  comments 
which will be pr inted a t  t h e  beginning 
of the  input da ta  l i s t i n g ,  
Are not read by t h e  program and may 
be used f o r  comments o r  i d e n t i f i c a t i o n  
statements . 
Type 2: 
The assignment of i n i t i a l  values t o  t h e  program var iab les  by input data 
i s  accomplished with t h i s  format. 
are first s tored i n  t h e  a r r a y  DATA. 
A l l  data values read from these cards 
The various input var iab les  a r e  then 
assigned t h e i r  respect ive i n i t i a l  values by equating t h e  var iab les  t o  a 
spec i f ied  DATA element. Since t h e  DATA elements a r e  i n i t i a l l y  s e t  equal 
t o  zero, an input var iable  w i l l  have an i n i t i a l  value of zero unless t h e  
corresponding DATA element i s  changed by card input.  
this a r e  t h e  ind ica tors  discussed i n  Section D.3.1.1. 
The few exceptions t o  
The input  q u a n t i t i e s  contained i n  t h e  six data  f i e l d s  of a data  card 
a r e  s tored consecutively i n  t h e  DATA array.  
which governs t h e  da ta -pos i t ion  ( i n  t h e  a r r a y  DATA) of each var iable  on t h a t  
Each card contains a subscript  
card. 
first var iab le  on a card a data  pos i t ion  equal t o  t h e  card subscr ipt .  
The data  pos i t ion  of an input  var iable  i s  obtained by assigning the  
Each 
following var iable ,  moving from l e f t  t o  r i g h t , o n  t h e  card, has a da ta  posi- 
t i o n  one increment la rger .  
f r i c t i o n  (AMU) has a da ta  pos i t ion  of 119. 
For example, (Figure D-ll), t h e  coef f ic ien t  of 
Thus, a p a r t i c u l a r  data  card 
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needed t o  def ine a given var iable  is i den t i f i ed  by the  card subscr ipt ,  
I n  t h e  instance of mult iple  data  sets, a l l  of t h e  previous data s e t  
i s  retained except those quant i t ies  changed through reading i n  cards of 
Type 2. However, each data  set must contain a t  l e a s t  one card of Type 2. 
The following describes the  required format f o r  t h e  Type 2 input cards. 
Column 2: Read as an in teger  number with an I1 
f o m a t .  If t h e  value i s  zero, another 
card i s  read i n  t h e  same format. If 
Columns 5-7: 
c o i m s  10-19, 20-29, 
30-39, 40-49, 
50-59, and 
60-69 : 
t h e  value i s  not zero, t h e  card 
represents  t h e  last card of Type 2 i n  
t h e  data  s e t .  
i n  a data  set must contain a non-zero 
value i n  this column. 
Read as an in teger  number with an 13 
format, This f i e l d  represents  t h e  
data  card subscript  for the  pa r t i -  
cular  card. 
Read as a real  var iable  with an 
ElO.5 format. A l l  da ta  values must 
be input a s  f l o a t i n g  point numbers. 
Integer  var iables  a r e  converted 
from f loa t ing  point  quant i t ies  by 
t h e  program. 
The last Type 2 card 
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Columns 1, 8-9, and 
70-80: 
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These are not read by the  program 
and may be used f o r  comments and 
iden t i f i ca t ion  statements. 
Type 3: 
Information on these cards i s  used when t h e  opt ional  output routine 
i s  desired. 
a standard output var iable  i n  t h a t  va r i ab le ' s  output posi t ion,  
There may be as many as '72 input cards of this type. 
T h i s  option allows a d i f f e ren t  var iable  t o  temporarily replace 
Each card contains 
an idendif icat ion name (one t o  t en  characters),  a subscript  locat ing t h e  
desired output var iab le  i n  the program a r ray  COMINT, and an indicator  
giving t h e  desired p r i n t  posi t ion of t h e  variable.  
These data cards have the  following format. 
Columns 2-11: The t e n  characters  i n  these colwnns 
a r e  used as the  iden t i f i ca t ion  name 
f o r  t he  var iable  t o  be printed.  
Read as an in teger  number with an 
I5 format. This value i s  the  sub- 
s c r i p t  of t h e  common a r r ay  COMINT 
loca t ion  of t h e  desired output 
var iab le  (see Appendix E ) .  
Read as an in teger  number with a 
15 f o m t .  This  value i s  used t o  
specify t h e  p r i n t  pos i t ion  i n  which 
t h e  desired output variable w i l l  be 
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Calms 1, l2-14, 
20, and 
26-80: 
printed.  The output rou t ine ' s  p r in t  
posi t ions are defined i n  Section D.3.2.  
These posi t ions are not read by t h e  
program and may be used f o r  comments 
and iden t i f i ca t ion  statements. 
For a multi-case computer run, i f  t h e  output format i s  modified i n  a 
da ta  set, t h e  succeeding cases will have t h e  same modification unless 
changed by t h e i r  data  set. New runs reve r t  t o  t h e  standard format unless 
they are modified by t h e i r  data  set. 
D.3 .2  OUTPUT DATA 
D . 3 . 2 . 1  Output Quant i t ies .  - A t  specif ied times during t h e  integrat ion 
routine,  various time varying quant i t ies  defining t h e  lander ' s  posit ions,  
ve loc i t i e s ,  and accelerations;  applied forces  and moments; and other items of 
i n t e r e s t  such as to rus  pressure, volume, and footpr in t  area are printed.  In  
addition, an output option, i s  avai lable  whereby t h e  standard output var iables  
may be replaced by other  quant i t ies  of i n t e re s t .  This procedure i s  discussed 
i n  d e t a i l  as Type 3 i n  Section D.3.1.2.  The output information i s  pr inted 
by a c a l l  t o  t h e  PRINT subroutine. 
subroutine i s  discussed more fully i n  t h e  following Section, D.3.2.2.  
The output format r e su l t i ng  from this 
I n i t i a l  output from t h e  program presents  t h e  input data  read i n  f o r  t h e  
specif ied case being considered. 
and i n e r t i a  proper t ies  of t h e  lander. 
l ander ' s  motion a re  then given. 
Following t h i s  information a r e  t h e  weight 
The time h i s t o r i e s  describing t h e  
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Figure D-12 shows t h e  form of t h e  standard heading which appears a t  t he  
t o p  of each page of t i m e  h i s tory  output. The values of t he  output var iables  
appear as blocks of data  following this heading and are pr inted i n  the  same 
format as t h e  heading. 
mation giving t h e  Central. Processor (CP) time s ince the  s t a r t  of t h e  job,  
the  r e a l  t i m e ,  and the  present in tegra t ion  s t ep  s i ze  i s  printed.  
these i s  t h e  block of output quan t i t i e s  corresponding t o  t h e  pr inted value 
A t  t h e  top  of each block of output, a l i n e  of infor- 
Following 
of  real time. 
Figure U-13 defines the  standard output parameters which are avai lable  
i n  t h e  program. 
i t s  respect ive p r i n t  posit ion.  
p r i n t  posi t ions 1-12, t h e  second l i n e  cons is t s  of p r i n t  pos i t ions  13-24, 
and so f o r t h  t o  l i n e  six which cons is t s  of posi t ions 61-72. 
Also shown a re  t h e  appropriate units of t h e  var iable  and 
The top l i n e  of t h e  output cons is t s  of 
D.3.2.2 Output Format, - A t  t h e  end of specif ied in tegra t ion  in te rva ls ,  
t he  various t i m e  his tory quan t i t i e s  of i n t e r e s t  a r e  printed.  
times a r e  governed by t h e  input indicator  KOUNT2. 
i n  t h e  output routine: t h ree  l i n e s  of output containing 36 var iab les  
(Option 1) o r  six l i n e s  containing 72 var iables  (Option 2).  
t he  top  three l i n e s  of output defined i n  Figure D-12, while Option 2 p r i n t s  
a l l  six l i n e s  as shown i n  this figure, 
input quant i ty  IERPRT, 
The p r in t  
Two formats a re  avai lable  
Option 1 p r i n t s  
The output format i s  governed by the  
IEnPRT = 0 P r i n t  Option 1 
IERPRT = 1 Pr in t  Option 2 
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In te rna l ly ,  t h e  subroutine PRINT uses t h e  time h is tory  var iable  ) s  pro- 
gram name and t h e  subscript  defining t h e  va r i ab le ' s  locat ion i n  t h e  common 
a r r ay  COMINT t o  p r i n t  t h e  variable.  It i s  important t o  note t h a t  only real  
var iables  equivalenced i n  t h e  common a r r ay  COMINT can be printed.  
When more than one cutoff var iable  (dCUI'b1) i s  employed with the  
variable s t e p  Predictor-Corrector in tegra t ion  rout ine,  t he  t i m e  h i s tory  data 
must be ca re fu l ly  evaluated. 
tolerance i s  exceeded and the  in tegra t ion  s tep  s i z e  reduced, t he  output over 
a port ion of t h e  previous r e a l  time i s  repeated. 
quant i t ies  l i s t e d  for a specif ic  r e a l  time (T)  should be used since they 
are the  most accurate.  
i s  specified o r  with the  Runge-Kutta or  fixed s t ep  Predictor-Corrector 
in tegra t ion  rout ines ,  
I n  t h i s  s i tua t ion ,  i f  t he  in tegra t ion  e r ro r  
The last  time h is tory  
This does not occurwhen only one ,cutoff parameter 
Program termination f o r  number of bounces (NMBNCS) o r  
payload clearance i s  separate and i s  not counted i n  NCUT. 
Examples of t h e  output format f o r  t h e  various options are shown i n  
Section D.3.3. 
D.3.3 EXAMPLE OF PROGRAM OPERATION - The required input data  card for-. 
mat ,  r e su l t i ng  p r i n t  out of t h e  input data,  and t n i c a l  pages of time hrlstory 
output f o r  two data  s e t s  a r e  shown i n  t h e  following f igures ,  In  these two  
cases, t he  to rus  geometry and i n i t i a l  conditions are iden t i ca l ,  only the  
requested output format was changed t o  show the  two ava i lab le  p r i n t  options. 
The i n f l a t a b l e  to rus  baseline design (Section 6.4) was assumed and t h e  
i n i t i a l  conditions f o r  t h e  landing configuration considered are shown i n  
Figure D-U+. 
APPENDIX D 
EXAMPLE LANDING CONDITION 
Surface Friction: p = 0 .25  
Isentropic Compression Process (n = k = 1.4) 
g = 12 .3  Ft/Sec 2 
Ply 1 = 3, Ply 2 =  3, Ply 3 =  2 
FABWT = 0.077 Lb/Ft2 
SCFWT = 0.132 Lb/Ft2 
R H O P  = 56.6 Lb/Ft3 
Figure D-U, 
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Figure D-15 shows t h e  two sets of input data  cards. The first case 
inputs  t h e  physical da ta  and requests  t h e  p r in t  out t o  be that of Option 2. 
The second case requests  Option 1 and t h e  displacements, ve loc i t ies ,  and accel- 
e ra t ions  of t h e  lander center of gravity,  normally expressed i n  l o c a l  surface 
coordinates ( X i s ,  Y l s ,  Z l s )  are replaced by these quan t i t i e s  defined i n  the  
grav i ty  coordinate system (Xf ,  Yf, 2,). 
It w a s  not necessary t o  input  t h e  physical da ta  again for t h e  second case, 
All t h a t  was required was t h e  r e s e t t i n g  of t h e  p r i n t  ind ica tor  (IERPRT) t o  
change t h e  p r i n t  format from Option 2 t o  Option 1, 
t i o n  required t o  change t h e  coordinate system output var iab les  i s  shown. 
I n  addition, t h e  informa- 
A f ixed step,  Predictor-Coordinator in tegra t ion  rout ine  was used with a 
The problem w a s  setup t o  run p r i n t  out at the  end of each in tegra t ion  step.  
as a planar case with t h e  degree of freedom along t h e  lander Y axis and those 
about t h e  lander X and Z axes being suppressed. A time h is tory  f o r  t he  f i r s t  
lander impact was requested. 
Figures D-16 and D-17 present t h e  input data p r i n t  out and t h e  first page 
of time h is tory  data f o r  Option 2. 
given i n  Figures D-18 and D-19. 
of t h e  lander with t h e  ground. 
This same information f o r  Option 1 i s  
Both time h i s t o r i e s  show t h e  i n i t i a l  impact 
Approximately 30 seconds were required t o  compile and load the  program. 
With t h e  f ixed  step,  Predictor-Corrector routine,  15 t o  20 seconds of com- 
puter  time were required t o  analyze this tlypical s ing le  bounce case. The 
Runge-Kutta rout ine requires  addi t iona l  run time w h i l e  t h e  var iab le  s tep ,  
Predictor-Corrector procedure i s  t h e  most economical i n  terms of computer t h e .  
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INFLATABLE TORUS LANDING LOADS 8, MOTIONS PROGRAM 
EXAMPLE INPUT DATA - 
I, .. n . I, ., , 
MCDONNELI. AUTOMAr#ON COMPANY 
Figure D-15 
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INFIATABLE TORUS IANDING LOADS AND McVrIONS PROGRAM 
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INFIATABm TORUS LANDING LOADS AND MOTIONS PROGRAM 
T y p i c a l  T h e  History Output F'age 
Print Option 2 
(Example 1) 
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I m A W m  TORUS WING LOADS AND MO!TIONS 
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D.h PROGRAM DESCRIR'ION 
D . 4 . l  SUBROUTINES - To f a c i l i t a t e  improvements and modifications t o  
t h e  In f l a t ab le  Torus Landing Loads and Motions Program, t h e  program i s  
comprised of severa l  subroutines r e l a t ed  through a main dr iving program. 
The main program reads and p r i n t s  t h e  input data,  sets up and i n i t i a l i z e s  
t h e  equations of motion, and c a l l s  t h e  subroutines i n  t h e  required order. 
A l i s t i n g  of t h e  subroutines used i n  the  program i s  given i n  
Figure D-20. Included i n  this f igure  a r e  the  subroutine names and a 
descr ipt ion of t h e  operations performed by the subroutine. Several sub- 
rout ines  have multiple en t ry  points.  The purpose of each en t ry  in to  t h e  
subroutine and t h e  name associated with t h e  en t ry  point a r e  given i n  
Figure D-20. 
The two subroutines ENVIR and AERO a re  not used i n  t h e  current program 
make up. 
inclusion of wind and aerodynamic e f f ec t s .  
shown on t h e  program flow chart ,  Section D.4.2. 
The subroutine PCCUT performs t h e  numerical in tegra t ion  of t h e  dynamic 
They are  skeleton rout ines  which have been provided f o r  t h e  possihle 
These two subroutines are  not 
equation of motions. 
rout ine f o r  solving t h e  equations of motion. 
order Runge-Kutta procedure and a var iable  or f ixed s t ep  Adams-Moulton 
Predictor-Corrector technique, 
rout ine used during a pa r t i cu la r  run. 
Figure D-10. 
rout ine t o  i n i t i a l i z e  the  numerical routine.  
Three in tegra t ion  methods are ava i lab le  i n  t h i s  sub- 
These consis t  of a four th  
The input var iables  IVARH and I l Q H  govern t h e  
These two quan t i t i e s  a re  defined i n  
A l l  of these in tegra t ion  procedures employ the  Runge-Kutta 
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SUBROUTINES IN THE INFLATABLE TORUS LANDING LOADS AND MOTIONS PROGRAM 
SUBROUTINE 
NAME 
ENVIR 
AERO 
PCCUT 
MASS 
LOAD 
PHYS 
SOLVE 
PRlFT 
SUB ROUT INE 
NTRY POINT 
ENVIR 
AERO 
- 
LOC 
INUPD 
SETUP 
INT EG 
CUT 
UPDAT 
MASS 
MASS 1 
MASS 2 
LOAD 
PHY S 
PHYS 1 
SOLVE 
PRINT 
PRINT 
PRINT 2 
' SUBROUTINE OPERATIONS 
Determines wind loads acting on lander. 
Zurrently th is routine i s  not used. 
Determines aerodynamic forces acting on lander. 
Currently th is routine is .not used. 
Numerical Integration Subroutine 
Stores the name, cutoff value, and direct ion indicator of each cutoff 
variable for use in the cutoff routine. 
Sets up the parameter l i s t  for storoge of integrated variables in the 
common array COMINJ. 
In i t ia l i za t ion  of subroutine for requested type of integration. 
Performs requested numerical integration method. 
Monitors the cutoff variables for possible program termination. 
Updates the integrated variable l i s t  and integration interval 
at  the end of 1 an integration step. 
Determines moss and inert ia properties of lander. 
Determines torus ef fect ive m a s s  for a f lot  landing. 
Determines torus effect ive mass for an obl ique landing. 
Determines the magnitude and location of the normal force 
due to compressing the torus inf lat ion gas. 
Th is  entry cal ls MASS for in i t ia l  inert ia calculations. 
Determines the fr ict ion forces and torques acting on the lander. 
Relates these plus the normal force to the forces and moments 
acting at  lander C.G. 
Solution of simultaneous equations by matrix inversion. 
Sets up pr int  routine for optional output. 
In i t ia l izes the print routime for Option 1 or Option 2. 
Pr in ts  time history variables a t  specif ied integration times. 
Figure  D-20 
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The procedures PHYS, LOAD, and MASS are r e l a t ed  t o  t h e  spec i f i c  geometry 
of an impacting i n f l a t a b l e  torus.  
quant i t ies  required by t h e  in tegra t ion  rout ine t o  solve t h e  dynamic equations. 
These quant i t ies  include t h e  normal force,  f r i c t i o n  forces  and torques, forces  
and moments a t  lander center of gravity,  and t h e  lander ' s  i n e r t i a  properties.  
These subroutines obtain the  physical 
The subroutine SOLVE i s  used t o  solve a s e t  of simultaneous equations 
through a matrix inversion procedure. 
his tory var iab les  a t  specif ied times during t h e  in tegra t ion  procedure. 
The subroutine PRINT outputs the  t i m e  
Information i s  t ransfcr red  between t h e  main program and t h e  subroutines 
A t a b l e  defining a l l  t h e  quant i t ies  stored 
This information i s  useful  when using t h e  
through t h e  common a r ray  COIVIINT. 
i n  COIIINT i s  given i n  Appendix E. 
opt ional  output rout ine  discussed i n  Section D.3 .1 .  
D.4.2 FLON DIAGRAM - A flow chart  ind ica t ing  t h e  program's general 
T h i s  diagram i s  not intended t o  be a operation i s  given i n  Figure D-21. 
comprehensive programming chart .  Rather it shows t h e  general  flow of the  
program logic  and ind ica t e s  t h e  order of operations within the  subroutines. 
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FLOW DIAGRAM 
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I 
MAIN PROGRAM (Continued) 
Figure D-21 (Continued) 
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U.4.3 PROGRAM LISTING - A complete l i s t i n g  of t he  In f l a t ab le  Torus Land- 
ing Loads and Notions Program i s  given on t h e  following pages. 
i s  shown i n  the  following order: 
first, followed by t h e  eight  program subroutines. 
i n  Fortran 2.0 language and were designed f o r  machine computation on t h e  
CUC 6,!+00/6600 Computer , 
T h i s  l i s t i n g  
t h e  main d i r iv ing  prograrr, i s  presented 
These rout ines  a re  wr i t ten  
PROGRAI.1 M A I k  ( I ~ ~ F U T , ~ U T P U T , T A P E 5 = I ~ P ~ T ,  T A P L 6 = U U T P U T )  
C I N F L A T h 3 L t  T O R U S  L A i J D I h C .  L 3 A 0 S  ANC XCT I L b j z  PHGG;<Ai\: 
C :ASTER AGREEK.:Fl\ lTr C O ? I T l l A C T  I \ ; A S l - 8 1 3 7  9 T A S K  02.3ti i Ni;. 1 
C c l c p O N N E L L  C O U G L A S  A S T i l O i c A U T I C 5  COMPANY 9 E A S T t R l L  D I V I S I G N  
DI!*!ENSIOE; X C F (  3 )  
D I X E N S I O N  T F C ( 3 )  
L ) I W b i S I C t <  N D A T A ( 3 0 0  1 
3 I M E k S  1 ON XPk ( 3 9 X <:> ( 3 ) 9 F!S ( 3 ) 
“ v 1 i x h s i o I . i  a ~ i ( 3 ~ 3 )  X L P F ( ~ )  
3 I M E N S I G N  
D I ~ 4 E h S I U k  S T c ) i . ; t ( 3 ) ,  t i A C C ( 3 ) q  A A ( 3 * 3 ) 9  A S V ( 3 s r t ) v  s T 0 1 < ( 3 , . * )  9 I \ S A V ( O  
X S ( L I )  9 1 l v L : ( U )  9XdbC/9b)  , X ~ ( 7 9 1 9 )  , X (  I p l Y )  
1 9 D C ( 1 9 )  * T E K P ( 3 9 3 )  9 S ! J K A ( 3 )  
D I M E N S I O N  X V F ( 3 ) v  T R ( 3 9 3 ) r  T R L ( 3 9 3 1 9  F F ( 1 9 ) r O A T . 4 ( 3 0 0 )  
COMMON CONI PIT 1 600 
E Q I J I V P I L E N C E  ( CC. \ . i IKT(  1 1 9  T 
E Q U I V A L E N C E  ( C O b l I N T (  2 1 9  H K A X  
t Q U I V A L E N C C  ( C O > * I I N T (  3 1 9  E M I N  ) 
E Q I J I V A L E I V C E  ( C O h I M T (  4 Lr4AX ) 
E Q U I V A L E N C E  ( C O i * l I N T (  5 1 9  i t Z  
E Q U I V A L E N C E  ( CU;v \ INT(  6 1 9  I P  ) 
t Q U I V A L E N C E  ( Ci) i . i INT( 7 1 9  1 V A l i h  1 
E O U I V A L E N C L  ( CO41INT(  b 1 9  I K T H  1 
E Q U I V A L E N C F  ( CCiVI INT(  10 ) t  I F I N  1 
E Q U I V A L E N C E  ( C O M I N T (  11 1 9  l V k L  
t Q U I V A L E N C E  ( C3OMINT( 1 2  1 9  I P T O T L  
F O l l I V k L E N C E  ( COa‘vlINT( 13 1 9  I P T A T L  
E Q U I V A L E N C E  ( C O K I N T (  1 4 1 ,  X S  
t.QIJI V A L E N C E  ( CON I N T  ( 2 3 9 1 K ! l  
E C U I V A L E N C E  ( C O M I h T (  3 2  ) *  X ) 
E O U I V A L L N C E  ( C O : i I N T ( 1 6 5  1 9  XD 
E Q U I V A L E N C E  ( C O A I h T ( 2 9 8  1 9  X D 3  
E Q U I V A L E k C C  ( C O M I N T (  3 4 0 1 9  T O T S V  1 
E Q U I V A L E N C E  ( C d K I N T ( 3 4 1 ) r  P S I L  
E Q U I V A L E N C E  ( C W i I h T  ( 3 4 2  1 s  T L S V  
L Q U I V A L E N C E  ( CCIL I INT(  3 4 4 )  9 Z L S  1 
E Q U l V A L E h C E  ( C C W I N T (  3 4 5 1 9  P 9 1 L  
E C U I V A L E N C E  ( C 3 M I K T (  34619  T H E T A L  
E Q U I V A L E N C E  ( C O M I N T (  3 4 7 1 9  I-I:.IIN 
E Q U I V A L E N C E  1 C O H I N T t  3 4 8 1 9  S T R O K E  1 
E Q U I V A L E h C E  ( C O l * i I b i T (  3 4 9 )  S A F S  1 
E Q U I V A L E h C E  ( C O M I N T (  3 4 9 1 9  S P L L S T  
E Q U I V A L E N C L  ( C O P l I N T (  3 5 6 1 9  S S S A V t  
E Q U I V A L L N C E  ( C l j b l I N T (  3 5 6 )  9 SPSTT14 1 
E G U I V A L E N C E  ( C O M I N T (  3 6 3 )  9 S F S A V L  ) 
E Q U I V A L E N C E  ( C O I v l I h T (  3 6 3 )  9 S A V S T 2  
E O U I V A L E i I C E  ( C U I 4 I N T (  3 7 0 1 9  S V 5 A V E  
E Q U I V A L E N C E  [ C O M I N T (  3 7 0 1 9  S A V S T 1  1 
E Q U I V A L E N C E  ( C c I M I N T (  3 7 7 1 9  SKODUP 1 
E Q U I V A L E N C E  ( C O M I N T (  3 8 4 1 9  C U T E R R  
’ E Q U I V A L E N C E  ( C O M I N T (  3 8 5 1 9  J C U T  ) 
E Q U I V A L E N C E  ( C d o h I N T (  9 1 9  I P h N T  ) 
C E N D  OF V A R I A B L E  A S S I G N l d t N T  N E E D E D  FOR P C C U T  
C h O T l C E  X S  A N D  Ib iD  A R E  U I M t i V S I O N I A L  A X K A Y S  OF LEt‘dGTH 9 
C N O T I C E  A L L  I N T i L G K A T I O N  A N 3  T I K E  H I S T O R Y  V A R I A B L E S  I W S T  
C H A V E  7 COMMON L O C A T I O N S  A L L O T E 3  
E Q U l V A L E k C t  ( COiV l INT(  3 8 6 1 9  X F  1 
i 4AN 10 
KAK 3 0  
tlAi\; 40 
H A l ~  5 0 
M A h  70 
i X A i x  8 0  
MAN 90 
MdiJ 100 
)? IAiu  l i 0  
M A N  12 0 
MAN 130 
M k N  140 
M k l v  1 5 0  
WAN 160 
XA& 17c) 
M A N  1 8 0  
i4AN 190 
MAN 200 
M A N  2 10 
I4Ah 2 2 0  
MAN 2 5 0  
MAN 2 4 0  
+lA;d 2 5 0  
>IAN 260 
M A k  270  
MAN 280  
MAlL 290  
N h N  300 
HAN 510 
YiAh 3 2 0  
PiAh 3 3 0  
b i A h  340 
M A N  350  
M A N  360  
M A N  370 
M A N  380  
M A N  3 9 0  
M A N  400 
,NAIL 410 
MAN 4 2 0  
I 4 A h  4 3 0  
I4AN 440 
IWN 4 5 0  
M A N  4bO 
MAP4 470 
M A N  480  
VIAN 490 
MAN 500 
M A N  5 1 0  
Y A N  5 2 0  
M A N  5 3 0  
N A N  540 
MAN 5 5 0  
M A N  560 
r w i  2 0 
w r q  bo 
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M A N  5 7 0  
M A N  580 
M A N  590 
MAN 600 
M A N  610 
M A N  620 
M A N  630 
M A N  640 
MAN b5O 
M A N  660 
klAk 6 7 0  
V8;,AF( 680 
M A h  bY0 
M A N  700 
M A h  710 
WAN 720 
M A N  730  
MAlv 740 
ViAN 750 
M A N  760 
MAN 770 
iVAh 7dO 
M A N  790 
MAN b o 0  
MAN 813 
FL'i4i.l 8 2 0  
M k N  6 3 0  
M A N  d40 
M A &  8 5 0  
WAN cis0 
MkiJ 8 7 0  
M A N  8 8 0  
MA14 890  
MAN Y O 0  
MAl\ 910 
i.ii\i\ 4'2 0 
MAP4 330 
940 
M A h  95G 
MAN 9 7 0  
MAN 980  
P4b.h 4 Y  0 
H Aid  i 3 0 0 
I< 1 0 1 0 
:<.At4 l o  2 G 
K A F ( l 3 3 0  
K HR i 0 Y 0 
NMhlO50 
I*I A i q  I 0 t 0 
MAN 1 J .70 
M A N i 0 3 0  
f 4 A N  i 0 9  0 
N 1 i 0 0 
M A &  Ybo 
S Ai4 I I 1 i) 
Pi;;"tN 1 1 2  3 
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E Q U I V A L E N C E  ( C O N I N T (  44319 N K Y  1 
E Q U I V A L E h C E  ( C O M I N T (  44419 N R L  1 
E Q U I V A L E N C E  ( C O M I N T (  4 4 5 1 9  A 1 
E Q U I V A L E N C E  ( C O M I N T (  446 1 9  tj 1 
E Q U I V A L E N C E  I C O M I N T I  44719  C 1 
EQUIVALENCE ( CONINT( 4 4 a ) ,  D I 
E Q I J I V A L E N C E  ( C O M I N T (  44919 C I 
E Q U I V A L E N C E  ( C O M I N T t  45019 F 1 
E Q U I V A L E N C E  ( COMII \ ;T(  4 5 1 1 ,  G 
E Q U I V A L E N C E  ( C O M I N T I  45219 R H C L  I 
E Q I J I V A L E N C E  ( C O M I N T I  45319 RHOP ) 
E Q U I V A L E h C E  ( C O h I N T (  45419 T C T G V  1 
E Q U I V A L E N C E  ( COI.IINT( 4 5 5 )  9 I'Oi\TT 1 
E Q U I V A L E K C E  ( C O t i I N T  ( 4551 9 FCI<CE 1 
E Q U I V A L E N C E  ( C O l \ i I N T (  4 5 6 1 ,  T O K T N  1 
L C U I V A L E h C t  I C O h I N T (  4 5 7 ) ~  A R T S U  1 
E Q U I V A L E h C E  ( C i l * l I N T (  45819 P S T T N  1 
E Q I J I V A L E N C F  ( C O M I N T (  4 6 0 )  9 A N G L E 1  ) 
E Q U I V A L E N C F  ( C O M I N T (  46119 A N G L E 2  1 
E Q U I V A L E N C E  ( C C ) M I N T (  4 6 2 1 9  A N G L E 3  
E Q U I V A L E N C E  I C O M I N T (  46319 ARMCM 
E Q U I V A L E N C E  ( CO>I IF IT(  46419 C L S T  1 
E Q U I V A L E N C E  ( C O i v i l i \ l ~ (  4 6 5 1 ,  R D I A  ) 
E Q U I V A L E N C E  ( C U N I N T (  4 6 6 )  9 AI\<U 1 
t U U I  V A L E N C E  ( COi'iI I \ ~ T  I 467 9 X K \ J ~  1 
k 2 C l V A L t N C C  ( C O N I N T  ( 46d 1 9 L'X 
L O U I V A L E N C E  ( C W I I N T  ( 4 6 9 )  9 D T h t  
E Q U I V A L E N C E  ( C U M I N T I  4 7 0 1 9  A C L R  1 
E Q U I V A L E h C E  ( COI".I INT( 47219 L C S T R l  ) 
E 3 U I V A L E N C E  ( COIYINT ( 4 7 3  1 9  I E R P K T )  
E O U I V A L E F I C E  ( CGo'IINT( 4 7 4 1 9  R S X C F  
E Q U I V A L E N C €  ( C C Y I N T I  47519 P E L S T  1 
E O U I V A L E N C E  ( CO:4INT( 47619 S L O P E  1 
E Q U I V A L L N C E  ( CGa'";IkT ( 477 1 ,  V O L  1 
E C U I V A L E N C E  ( C C ? l I N T (  47819 R 1  
E Q U I V A L E P i C E  ( C O M I N T (  47919 k 2  1 
E O U I V A L E N C E  ( C O N I N T (  4 8 0 1 9  R 3  1 
E Q U I V A L E N C E  ( C G N I i < T (  4 t j l ) ,  T t - l t T A T  1 
E Q U I  VAL l i l \ ;CE ( CC:4I t<T ( 4 6 2  1 1:s 
E C U I V A L E N C E  ( COrVrl lyT( 45919 AidCiLE 
EQUI VALEME ( cmi  I I\IT ( 4 7  1 Riwr tb !  
EO111 V A L E N C E  
E O U I V A L E N C F  
E Q U I V A L F N C E  
FQlJI V A L E N C E  
L O U I V A L F K C E  
[._SUI V A L E N C E  
EO111 V A L E N C F  
E C U I  V A L E K C E  
C O k I h ' T (  4 8 3  
C O l " I K T (  484  
C O M I N T (  4 6 5  
C O M I N T  ( 486 
C O K I N T  ( 487  
COI-' I W T  I 438 
C O i \ I I N T (  489  
C O h ! I N T (  490  
M A N 1 1 3 0  
M A N l  1 4 0  
M A N  1 1 5 0 
M A l v l 1 6 O  
M A h l l 7 0  
M A N l  180 
M A N 1 1 9 0  
M A N 1 2 0 0  
M A N 1 2 1 0  
MAN1220 
M A N 1 2 3 0  
M A N 1 2 4 0  
M A N  1 2  50 
M A N 1 2 6 0  
M A N 1 2  7 0  
M A N  1 2 8 0 
M A N  1 2 9 0 
N A N 1  300 
MA N 1 3 2 0 
MAiV 13 3 0 
M A N 1 3 4 0  
MAh1350 
Mi\ 11 13 6 0 
XkN1370  
lvlAri I 3 a o 
>I A iu 3 3 9 0 
N a hi 4 I o 
I4 AlU 1 3 1 0 
1<r\l4 140  0 
MAN1420 
MAN 1 4 3 0 
F iAN1440 
M A N l  4 5 0 
El A N  1 4 6 0 
M A N  1 4 7 0 
MA :\I 1 4 9 0 
MkiJi590 
f4A h 1 5 1 0 
Ir; I\ N 1 3 2 0 
I ~ A N  1 5 3 0 
Cl  AI 4 1 5 40 
M AIL 1 I, 5 0 
M A N 1 5 6 0  
MAN 1 5 7 0 
K A N 1 5 8 0 
MAN 15 3 0 
K A '1 1 4 0 0 
t4 i \ i d  1 1 0 
, ~ l / i N l O 2 0  
KAhi b 3 0  
MAN 16 40 
P l A 1 J l 6 5 0  
F A N  1 b 60 
MAN 1 5 7 0 
M A  rq 14 t3 o 
i"lA !4 1 6  8 0 
C 
C 
C 
c 
C 
APPENDIX D 
c 
c 
4 0 
C 
6;; 
Y u  
160 
110  
12c  
316 
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C 
C 
130 
C 
140 
1 5 0  
D A T A ( N L O C + l ) = Z D 2  
D A T A ( N L O C + 2 l = Z D 3  
D A T A ( N L O C + 3 1 = Z D 4  
D A T A ( N L O C + 4 ) = 2 0 5  
D A T A ( N L O C + 5 ) = 2 0 6  
I F  (NSTP.EO.0) 6U TO 100 
N C U T = D A T A ( 1 4 ) + . 1  
I F  ( N C U T - N E a O l  GO TO 130 
W R I T E  ( 6 r 1 2 6 0 )  
STOP 
I N P U T  CHANGE OF P R I N T  V A R I A B L E S  
ANY V A R I A B L E  I N  COMMON CAN BE P R I N T E D  b Y  CARD O P T I O N  
READ ( 5 ~ 1 2 7 0 )  V N A M E V L C O M O N V L P R I N T  
I F  (VNAME.EQaEOD) GO TO 140 
W R I T E  ( 6 , 1 2 6 0 )  L P R I N T t L C O M O N , V N A M t  
C A L L  P R I N T  ( V N A M E ~ L C O M O N V L P K I N T )  
GO TO 130 
b R I T E  ( 6 t 1 . 2 9 0 )  V h A M t  
H M A X = D A T A ( 6 6 )  
H M I N = D A T A ( 6 )  
COLUMN ONE OF DATA CARD IS USED FOR S P A C I N G  CONTROL 
I P=DAT A ( 1 ) + e  1 
I F  (HMIN.EQ.Oo0)  HMIN=HMAX*2 . * * ( -16 )  
D E G R A D = 5 7 . 2 9 5 7 7 9 5 1 3 1  
I P T A T L = O  
I PTOTL=O 
1 NDACL=O 
N C O N S T = l  
I NDBAC=O 
L D S T R l  =O 
I E R P R T = D A T A ( 1 5 )  
N M B N C S = D A T A ( 7 0 )  
NMBNC-0 
S T R E F = D A T A ( 9 8 )  
S C F W T = D A T A ( 9 9 )  
A = D A T A ( 1 0 0 )  
B=DATA 101 ) 
C = D A T A ( l O Z )  
O = D A T A ( 1 0 3 )  
t = D A T A ( 1 0 4 )  
F = D A T A I l O 5 )  
G = D A T A ( 1 0 6 )  
R H O L = D A T A ( 1 0 7 )  
R H O P = D A T A ( l O B )  
C U T E K R = e 0 0 0 1  
ACLR=O 0 
I F  (NMUNCS.ELJ.0) NMBNCS=100  
I F  ( D A T A ( 1 1 1 ) e N E . O )  GO TO 150  
W R I T E  ( 6 ~ 1 3 0 0 )  
S TOP 
P O W = D A T A ( l O Y )  
R S H C R = D A T A ( 1 1 0 )  
V M I N = O A T A ( 1 1 1 )  
R D I A = D A T A ( l l Z )  
D X = D A T A ( 1 1 3 )  
D T H E = O A T A ( 1 1 4 )  
M A N 2 8  10 
M A N 2 8 2 0  
M A N 2 8 3 0  
M A N 2 6 4 0  
MANL b 50 
MANLM60 
M A N 2 8 7 0  
MAN28  8 0 
M A N 2 8 9 0  
M A N 2 9 0 0  
M A N 2 9 1  0 
M A N 2 9 2 0  
M A N 2 9 3 0  
MAP42940 
M A N 2 9 5 0  
M A N L Y 6 0  
MANL 97 0 
M A h L 9 0 0  
MAiY2 990 
M A N 3 0 0 0  
M A N 3 0 1 0  
M A N 3 0 2 0  
M A N 3 0 3 0  
M A N 3 0 4 0  
MAN 3 0 5 0 
M A N 3 0 6 0  
M A N 3 0 7 0  
M A N 3 0 8 0  
MAh5090 
M A N 3 1 0 0  
MAH3 1 IO 
M A N 3 1 2 0  
M A h 3 1 3 0  
M A N 3 1 4 0  
MAN3 1 5 0  
MAN3 160 
M A N 3 1 7 0  
M A N 3 1 0 0  
M A N 3 1 9 0  
MAN3LOO 
M A N 3 2 1 0  
M A N 3 2 2 0  
M A N 3 2 3 0  
M A N 3 2 4 0  
MAN32  5 0  
M A N 3 2 6 0  
M A N 3 2 7 0  
M A N 3 2 0 0  
M A N 3 2 9 0  
M A N 3 3 0 0  
M A N 3 3 1 0  
MAP43320 
M A N 3 3 3 0  
M A N 3 3 4 0  
M A N 3 3 3 0  
M A N 3 3 6 0  
3 17 
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I F ( U T h E .  L t  .0. 0 i > T t i E = .  0 3  
RNOHibl=DATA ( 11 5 ) 
E L S T = D A T A ( 1 1 7 )  
k M U = D A T A (  119) 
X K i 6 = D A T A ( 1 2 0 )  
F A B K T = D A T A (  1 2 1 )  
P L Y  l = D A T A  ( 1 2 2  1 
P L Y 2 = D A T . A  ( 1 2 3  1 
P L Y  3 = DA.T A ( 1 74 
R L = D A T A ( 1 2 5 )  
R S = D A T A (  126  
H Y S T = D A T A ( l 2 7 )  
P I = D A T A (  1 2 8  
P A = O A T A (  1 2 9  
P L T M A S = D A T A ( L S O )  
P L T R A 3 = b A T A ( 1 3 1 )  
G A S C N T = U A T A (  132) 
C I N F L A T A U C L  Lj/',TA I TI.MS 
I V A R H = D A T A (  2 ) + 1 
I M T H = D A T A ( 3 ) + . 1  
E M A X = D A T A ( 4 )  
E M I N = D A T A ( S )  
I F (EM.4X. EC. 0.0 1 FKAX=l e t.-4 
I F EM I I\i= 1 L-6 
N T X = D A T A ( 7 ) + . 1  
N T Y = D A T A  ( 8  + 1 
N T Z = D A T A ( 9 ) + . 1  
( EKIN. ECJ. 0.0 1 
N R X = D A T A ( l O ) + * l  
N R Y = G A T A (  11 )+a 1 
N R Z = D A T A ( 1 2 ) + . 1  
M M I C = D A T A ( 1 3 ) + . 1  
T = O A T A ( 6 7 )  
K O I J N T Z = D A T A  ( 6 9  + o  1 
K ? U N T l = K O U N T 2 - 1  
X F = D A T A I 7 3 )  
X V F  ( 1 )  = D A T A  (7.4 ) 
Y F = D A T A ( 7 5 )  
X V F  (2 =UATb. ( 76?) 
Z F = D A T A  ( 7 7 )  
X V F ( 3 ) = D A T A ( 7 8 )  
R A N G E = D A T A (  85 I 
S L O P E = D A T A ( 8 6 )  
P H I = D A T A ( 7 9 1  
P H I  P=PH I 
X D ( l t 4 ) = C A T A ( 8 0 )  
T H E T A = D A T A (  8 1 )  
X[ ) (  1 9 5  ) = D A T A ( 8 2  
P S I = D A T A ( 8 3 )  
PS I P=PS I 
XD( 1 9 6  ) = b A T A ( B 4  
c .  D E F I N E  C U T O F F  V A R I A H L C S  BY C A L L  TO L C C  
C T H E  I- I H S T  E I G H T  C U T O F F  V A R l b i o L t S  Ai<c  u t f l i \ t i ,  b Y  l l L P U T  
C S T R O K E  I S  U S E D  FOR S T A G I I d G  A T  TOUCH DOidN AND L I F T  C F F  
DO 250 J = 1 * 8  
IF ( N S A V ( J 1 )  1 6 0 9 2 5 0 r 1 6 0  
160 L O C A = ( N S A V (  J ) - 1 3 ) / 6  
MAhj3 IO 
M A N  3 3 B 0 
W Hiq 3 3 9 0 
M N u  3 4 0 0 
F.?AI\I 34  10 
+I A l\I 3 4  2 0 
:4AX 34 3 0 
PI ii f4 3 4 4 0 
M A  N3 4 5 0 
M A N 3 4 6 0  
PI Ah3 4 8 0 
M A N 3  4 9 0 
I\i l, h 3 5 0 0 
M A N 3 5 1 0  
MAW3 5 2 0 
M A N  3 5 3 0 
Mklu  3 5 4 0 
M A N 3 5 5 0  
VI AN 3 5 6 0 
f r l A N 3 5 7 0  
M A N 3 5 9 0  
!.I AN 3 6 0 0 
M k l J 3 6  10 
ILlAI43620 
l 4A l4J  6 3 0 
M A  lu 3 0 4 0 
M Ah 3 b 5 0 
14 AN 3 6 6 0 
MAP43670 
M A N 3 6 8 0  
M A N 3  6 9 0 
M ~ l u  3 70 0 
M A N 3  7 1 0 
f-4 ti N 3 7 2 0 
Nfiiv 3 7 3 0 
bl i t  N 3 7 4 0 
wir.4 3 4 7 o 
KAI'i 3 5 6 0 
>-IAN37 5 0  
b'iAPi37bO 
M A h 3  170 
iL1 ;\iV 3 7 8 0 
trl A h  3 7 9 0 
MAN 3 8 0 0 
MAN38 10 
M k l u 3 8 2 0  
M A N 3 8 3 0  
M A N  3 8 4 0 
FlrilJ 3 8 5 0 
M A N  3 B 6 0 
M A h 3 8 7 0  
M k N 3 d t i O  
41AN 3 8 YO 
MAN3YOO 
M A N 3 9  10 
M A N 3 9 2 0  
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190 
2 2 3  
2 3 0  
2 4 0  
2 5 0  
c 
260  
2712 
280  
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APPE3lDIX D 
3 4 0  
3 5 0  
3 6 @  
3 7 0  
380 
390  
40c 
413  
<. 
c 
c 
4 % C  
43c 
4 4 3  
4 5 0  
4 b 0 
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470 
4 8 0  
490 
510 
5 2 0  
530 
540 
5 5 0  
560 
570 
580 
59c  
322 
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6: P 
h10 
5 2 0  
6-30 
640 
0 5 0 
6SC 
tJ 7 0 
G '9 0 
710  
7 2 0  
. 7 3 0  
7 '6 0 
323 
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750 
760 
7 7 0  
7 5 0  
7 9 0  
H O O  
8 10 
520 
Y 35 
940 
APPENDIX D' 
950 
860 
ti7c 
0 8 0  
899 
9L:O 
313 
9 2 0  
930 
c 
C 
Y 4 I) 
c 
J 50 
96G 
973  
9 E 0 
32 5 
1 iJ 1 0 
c 
C 
C 
C 
1 :j 2 I.? 
li130 
1100 
111'3 
1120 
1130 
1140 
C 
C 
C 
C 
c 
C 
1150 
1160 
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1 9 c .  
1 3 6 0  FORMAT 
1 3 7 0  FGR:IAT 
1 3 8 3  FORlsiAT 
1 3 9 3  FCRMAT 
1 4 0 9  FORMAT 
1410 FORMPT 
l H F T / S E ' c  
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E N V  10 
E h V  2 0  
E N V  30 
E N V  40 
E;4V 50  
E N V  b o  
LNV 7 0  
E 2 V  8 0  
ElVV Y.2 
EhV 100 
L h V  11u 
E h V  1 2 0  
E N V  130 
E?rV 140 
ElvV 1 5 0  
E k V  160 
L i k V  1 7 0  
E:IV 180 
LI4V 150 
E . I V  2 0 0  
t i , i J  2 1 i) 
LI4V 2 2 0  
t , \ r i /  2 2 0 -  
. . 
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S U U R O U T I N E  P C C U T  ( I Y D ~ I Y , C U T V A L I I D I R T )  
D I i \ ! E N S I O N  X ( 9 )  9 X M N l ( 9 )  
D I M E N S I O N  X S ( 9 1 9  I N D ( 9 1 r  I A D ( 9 1 ,  NAMOCD(9)r L O C N A M ( 5 O )  
COMMON C O M I N T  ( 6 0 0 )  
E Q U I V A L E N C E  ( C O M I N T (  1 1 9  T 
E Q U I V A L E N C L  ( C O M I N T (  2 1 9  I- iMAX ) 
E Q U I V A L E N C E  ( C O l ’ 4 l N T (  3 1 9  E M I N  1 
E Q U I V A L E N C E  ( C O P l l N T (  4 1 9  EMAX 1 
E Q U I V A L E N C E  ( C O i + I I N T (  5 1 9  Hi! 
E Q U I V A L E N C E  ( C O M I N T (  6 1 9  I P  1 
E Q U I V A L E N C E  ( C i ) P i I N T (  7 1 1  I V A R H  1 
E Q U I V A L E N C E  ( C O N I N T (  8 1 9  I b l T t i  1 
E Q U I V A L E N C E  ( C O M I N T (  9 1 9  I P K N T  1 
E C C I V A L E N C E  ( C O M I N T (  10 1 9  I F I N  1 
E Q U I V A L E N C E  ( CO:‘IINT( 11 1 9  I V A L  1 
C Q U I L ’ A L E N C E  ( CO~. l I I \ IT (  1 2  1 9  I P T O T L  1 
C G I J I V A L E N C E  ( C O K I N T (  13 1 9  I P T A T L  1 
E Q U I V A L E N C E  ( C 3 i v I I N T (  14) 9 X S  ) 
E Q U I V A L E N C E  ( C O V I N T (  2 3 )  9 IN[? 1 
EQUIVALEKE ( COIYINT( 3 8 4 )  ClJTLkt i  I 
L U U I V A L t r q C E  ( CL)t“IINT( 785)1 J 1 
E N T R Y  L O C  
I P T A  T L  = 1 P T.4 T L +  1 
L Q U I V A L E N C E  ( COIv1I&T(  3 4 - 0 9  HKIN 1 
I F  ( I P T A T L . L E . 9 )  GO TO 10 
u ; R I T E  (69870) 
S T O P  
hi AP;B C 0 ( I P T A T L = 1 Y 
I A C ( I P T A T L ) = I Y D  
X 5 ( 1 P T A T L 1 = C d r L‘ A L 
1 N i) ( I P T A T L I = I C, I K T 
RLTUlllu 
t N T I< Y 1 N U  PD 
I r T u T L = I P T O T L + l  
1 3 
I F  ( I P T 3 T L . L E . 5 0 )  GU T O  2 0  
“ R I T E  (698801 
S T O P  
L ir C r\r Ab; ( I F T u  T L 
R E T U R N  
L K T R Y  S E T U P  
I Et i : iCf i=L 
I S T E P = l  
I =0 
I V A L = 0  
riZ=h;.l;:)i*2.*” ( - 1 P )  
1 P T 2 = 2 * * 1 t J  
I P T l = c  
I P X t i  T 3 
I F I h = O  
I N 3 R t - l = 1  
I P - 5 ~ 1  
liil=l 
I A . L P = 4  
L I  S T = U  
I Ftdf’C;=O 
IF ( 1 > 4 T I l 1  709309 70 
2 0  = I Y L 
P C T  10 
P C T  2 0  
P C T  3 0  
P C T  40 
P C T  50 
P C T  60 
P C T  70 
P C T  ti0 
P C T  YO 
P C T  100 
P C T  110 
P C T  120 
P C T  130 
P C T  140 
P C T  1 5 0  
P C T  160 
P C T  1 7 0  
PCT 180 
P C T  190 
P C T  200 
P C T  210 
P C T  2 2 0  
P C T  2.30 
P C T  2 4 0  
P C T  2 5 0  
P C T  260  
P C T  270 
P C T  2 8 0  
P C T  250 
PCT 330  
P C T  310 
P C T  3 2 0  
PCT 330 
PCT 3 4 0  
P C T  3 5 0  
P C T  360 
I’CT 3 7 0  
P C T  3 8 0  
P C T  390 
P C T  400  
P C T  410  
P i T  420 
I’CT 4 3 0  
PLT 449  
PCT i t 5 3  
P C T  4 0 0  
PLT 460 
P C T  533  
P C T  510 
F‘cT j 2 0  
P C T  5 4 0  
I’LT 5 5 0  
P c T  560 
i)cr 470 
I’CT 4 ‘?G 
I F i T  3 3 0  
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2Ll 
ou  
7Ll 
YU 
1 :lo 
110 
120 
130 
140 
160 
170 
180 
190 
230 
210 
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2 30 
240 
2 5 0  
2 6 0  
270 
280  
290  
300 
3 1 0  
3 2 0  
3 3 0  
3 4 0  
3 5 0  
3 6 2  
3 7 0  
4 1 0  
4-39 
4 3 0  
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' 4 5 0  
4 6 0  
PCT1130 
PCT1140 
PCT1150 
P C T l l 6 0  
PCT 1 1 7 0  
P C T l l i i O  
P C T l l 9 0  
PCT1200 
P C T l Z l O  
PCT1220 
PCT1230 
PCT 1 2 4 0  
PCT1250 
PCTlL60 
P ~ T 1 2 7 0  
PCTlZbO 
PCT 12Y 0 
PC'T 1303 
PCT1310 
P c T 1 3 2 0  
PCT 13 30  
PCT 1340 
PCT i 3 50 
pc'r 1 3 6 0  
PCT1370 
Pi T 1 3 6 i) 
PCT1390 
P c T i 4 0 3 
PCT 1 4 1 0  
PCT 1 4 7 0  
PCT 14 30 
PC1'1440 
PCT 1 4  5 0  
l'CT1460 
PCT147U 
PCT1430 
t' C T 1 4 3 0 
{ ' L T  I > O V  
PCT 1 !> 1 0  
PCTi320 
P c ' T 1 3 j 0  
PCT 11340 
P L T l b ' i i j  
P C T i 5 6 O  
PCT 1 5  70 
PCT1590 
PCT1600 
PCT 1 6 1 0  
P c T 1 0 2 0  
PC T 1 6 3 i) 
P C T I tr /I 0 
P i: T 1 ~i 5 0 
PCT l 6 b O  
P C T l o 7 0  
P i T  1630 
P 1 - r  1 5 a 0 
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4 3 0  
5 '.* 0 
Fi 1 0 
5 4 0  
3 5 : )  
5 b O  
5 7 3  
e, '. ,! c 
6 1 <! 
62Q 
63C 
640 
P C T 1 6 9 0  
P(.T 1790 
Fi T i 7 1 C 
P c T l  720 
P c T 1 7 . 5 0  
PCT 1 ( 4 0  
I"il I 750 
P C T  1760 
P L T 1 7  7 0  
F'C T 1 7 5 0 
I ' C T 1 7 i i O  
P c T  1339 
P c T l b l O  
P C T 1 2 2 0  
P C T l t i 3 0  
F ' i T  i640 
P c T l D > , O  
P C T  L h G O  
? ~ T l b  70
PCT 18b0 
P C T  1900 
P C T l B l O  
P C T l ? Z O  
P C T l  i ' 3 C  
P C T  1940 
P C T  I 950  
P c T  I Ye0 
P i T 1 5 7 0  
P L T l C i S O  
PLT 1993 
P C T Z O C r J  
P C T Z O l O  
P C T 2 0 2 0  
PCTLO3O 
P C T 2 0 4 0  
P L T 2 0 5 C  
P C  T 2 0 6 3 
P C T i 0 7 V "  
PCT2UbO 
PLTL03iJ 
P i T L 1 3 3  
PCTil10 
P c T L 1 2 0  
P C T L  130  
P C T L 1 4 0  
P C T L 1 5 0  
P C T 2 1 6 0  
P C T 2 1 7 0  
P C T Z  1 8 0  
P C T Z  190 
P C T L Z O O  
P C T 2 . 2 1 0  
PLl2220 
P C  I z z s o  
P c T 2 2 4 0  
P C T i U 9 O  
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6 5 0  
6 6 0  
670 
6 8 0  
6 9 0  
730 
7 10 
7 2 3  
7 30  
7 4 0  
7 5 0  
7 6 9  
7 7 0  
7 8 0  
7 9 0  
s u o  
8 10 
8 2 0  
6 5 0  
640 
PC T 2 2 5 0 
PCT2260 
PCT2270 
PCT2280 
PCTZ290 
PCT2300 
PCT2310 
P C T Z  32  0 
PCT2 330 
PCTL340 
PCT2350 
PCT2360 
PCT2370 
PCT2380 
PCT2390 
PCT2400 
PCT2410 
PCT2420 
PCT2430 
PCTL440 
PCTZ450 
PC T Z 4 60 
I' C T L 4 8 0 
PCT.2470 
PCT2590 
P C T Z 5 1 0 
PCTLEJZO 
PCT2530 
PC T L 5 4 3 
PcTL5SO 
PCTL5cjO 
C 'LT i570  
PcTL'5aO 
P C  T L 5 '3 0 
P C T 2 6 0 0  
t'C T 2 6 2 0 
F'C T 2 6 3 C 
?J C 1- 2 6 4 0 
PL T 2 6 5 0 
Pi T rl b 0 3 
i'c T i 6'7 0 
P CT L S ' > 9  
P C T i  7 10 
PLTL 730 
P C T i 7 3 0  
P i T  '?? 5 0  
Pc . I27L;3  
P ~ T i 7 7 0  
PCT27HO 
P (  TL790  
PCTZ.930 
r'i I ~ 4 7 0  
pc'r i o  
P L T L b a D  
l>iTL7ij,j 
i ' i ~ 2  740 
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W \ S  10 
MiiZ 20  
30 
Nk5 40  
KA5 50 
KkS 00 
h A S  70 
M A 5  B O  
b:Ab so 
;4A5 100 
MA5 120 
:-IAS 130 
MAS 140 
MAS 1 5 0  
K':kS 160 
M A S  1 7 0  
MA:, 180 
K i i S  190 
;4AS 200 
M A 5  210  
2 2 0  
C I A 5  230 
Y A S  240  
V.AS 250  
MAS 260  
P I A 5  2 7 0  
M A S  2 8 0  
M A 5  2 9 0  
l . \Ab 5 0 0  
bias 310 
MAL 3 2 0  
VIA3  330 
YiAb 3 r t O  
MAS 3 5 0  
MAS 360 
MAS 370 
XAS 360  
Y A 5  390  
MAL 400 
M A 5  4 1 0  
M A S  4 2 0  
M H ~  430 
NAS 440 
MAS 4 5 0  
M A 5  460 
M A S  4 7 0  
MAS 4 8 0  
M A S  4 9 0  
NAS 500 
Ir3kS 510 
M A S  5 2 0  
H A S  530 
VIAS 5 4 0  
M A S  5 5 0  
I4kS 5 6 0  
r-:;',ks 110 
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c 
C 
c 
c 
1d 
2 3 
3 d 
MAL 5 7 0  
MAS 580 
MAS 5 9 0  
MAS 600 
MAS 610  
MAS 6.20 
MAS 630 
MAS 6 4 0  
MAS b 5 0  
MAL b60 
i4hb 670  
NAS 680  
M A S  6 9 0  
MAS 7 0 0  
MAS 710 
M A S  720 
MAS .730 
MAS 7 4 0  
MAS 750 
MAS 7 6 0  
MA5 7 7 0  
MAS 7 6 0  
:.?AS 700. 
IWIAS YO0 
i4AS 8 10  
MAS 8 2 0  
PAS U30 
i'4AS 6 4 0  
MAS a 5 0  
I4AS 860  
P,AS 8 7 0  
K A 5  680 
P,P\S B Y 0  
L k s  900 
MAS 410 
MA5 9 20 
NAS 930  
MAS 940 
i4AS 950  
MA3 960 
MAS 970 
M A S  Y d O  
N i b  Y 9 0  
IYAb1000 
ivl L\S 1 0 1 0 
M A 5 1  G 2 0  
Pi A 21 I C 4 0 
t4Ab io40 
Pi i\5 1 0 5 0 
M A 5  1060 
MAS1070 
XAL 1 0 6 0 
HAS1090 
VAS1 100  
F ? / i S l l l O  
IyAS1120 
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SX=F+Hl *S IN(  o i T A ) - R S * S l h  (PI11 
Rb\=RL-kSSSIN( F h I  1 
FACTOR= ( (STHOKE-SY ) * * 2 + S X 7 7 5 X )  / ( .STI~C'#E**L 
EFFWT= EFF b!T t TPFAF T sFACTOR*PLY 1 *RN+KS*SPr i  1 
* AKC B*-R * 
EFFWT=EFFWT+TPF~,~ T * H S ~ P L Y l * ( i ~ L * ( P I C / 2 - P i i l  1 ) + i i Z * C O S (  Pki I  i )  * A R C  5 - T  * 
P ~ I l = ( H 3 * P I E ) / ( 2 * R S )  
I)PH I = ( 60*P I E ) / ( bib I E*l* 1 ti0 1 
P H I  INT=U. 5-xDPH I 
DO 5 3  i = i , ~ c I , x  
P t I l  =PIi  1 1 NT+ I 1 - 1 1 *DPH 1 
[>ETA= ( HS/H3 1 *PHI  
S X = E + H S * C O S ( P ~ I ) - R 3 * C U S ( O B T A I  
SY =li  3 + S  I N ( HE T A ) -li S*S 1 l\i ( P h  I ) 
HN=RL-KS*COS ( P i i I  
FACTOR=( ( S T R O K E - S Y ) * * 2 + S X * S X ) / ( S T R O K t * * 2 1  
EFF W T  = EFF\rlT+TPF I\F T *F ACTCR*?LY 1 *lIM*t<SQi)Pti 1 
D P H l =  ( Pk i I  1- ( 6 O * P  1 E 1 / 180 1 /ND 11.: 
PH I 1 N T = ( 60* 1' I € 1 / 18 O+C 5 
DO 6 0  I = l r N L ; I M  
PHI=PHI  I N T + (  l - l ) * i ) f ' l l ~  
dETA=(RS/R31*PliI 
SX=E+HS*COS (P I  I I )-K3*CI;S( LkTA 1 
S Y  = R 3 * S  I N ( DE T/\  1 -2 S*S 1 I\ ( PH I 1 
Rb\=RL-HS*CCS(PHI 1 
FACTOR=( ( STKCihE-SY 1 **2+SX*S;( / (STl70K.E**2 1 
E F F W T = E F F 1 T + T P F A F T * F AC T i: k * P L Y 2 9 R hi* l i  S *a PH 1 
* AKC C-T * 
PHIO=E/RS 
P t i  I 1 =PH I O+ ( H 2*P I E 1 / R  5 
D P H I = (  ( 3 0 * P l E / 1 8 0 ) - P H I O ) / N C I I . ~  
P H I  INT=PHIO+O*5*DPHl 
DO 70 I=lsNOIM 
P H I = P H I I N T + ( I - l ) * ~ P H I  
BETA= (RS/R2)  + (  PHI  -PH 101 
SX=RS+SI~(PHI)-HZ*SIN(GETk)-E 
F A C T O R = (  I STROKE-SY ) **2+SX*SX 1 / I .STl<OKEK-*2 1 
RM=HL+RS*Sl N (  P H I  
EFFWT=EFFWT+TPF4FT*FACTOR*PLY2*RM*RS*9PHI 
D P H I = I 1 2 @ * P I E ) / ( N D I Y ~ l ~ ~ )  
P H I O P = ( 3 0 * P I E ) / 1 8 0  
GO T O  90 
DPHI=((150*PIE/lt10)-PhIO)/hl~IM 
PHI  OP=PH IO 
DI'H I 
I F  ( P H I O . G E ~ ( 3 O ~ P I t / l 8 0 ) )  GO TC 80  
S Y = S T R O K E + R 2 * ( 1 . C - C O S ( R E T A ) ) - K S + ( 1 . 0 - C O S ~ P H I ~  
PHI INT=PHIOP+0.5*UPhI  
DO 100 I = l , N D I M  
P H J = P H I l h T + ( I - l 1 * D P H I  
BETA= I KS/R2 1 * ( PI1 I -PH I O  1 
SY = STROK E+R 2* ( 1.0-CO S ( 6 ET A 1 
S X = R S 9 S I E I ( P H I ) - i i 2 * S I N ( B E T A ) - t  
F A C T O R = ( ( S T R O ~ E - S Y 1 * * 2 + S X * S X ) / ( ~ T R ~ ~ ~ * % ~ )  
R?I=RL+KS*SIN(Pt-lI 1 
EFFWT=EFFWT+TPFAFT+FACTOR*PLY3*RM*RS*DPHl 
-R S* ( 1 0-C CS I PH I 1 
l 4 r i S 1 1 3 0  
t4AS1140  
MASi 150 
M+'5 1160 
MAS1 170 
X A S 1 1 8 0  
r w S i  190 
WAS1 2 0 0  
>I AS 1 2 1 0 
MAS1220 
MAS1230 
M A 3 1 2 4 0  
I4AS 1 2 5 0 
MAS1260 
MAS 1 2 7 0 
M A  5 1 2 8 0 
MAS1230 
IvIAS1300 
MA 5 1 3 1 0 
MAS i 3 z G 
YLr.51330 
M A 5 1 3 4 0  
M A L 1  3 5 0  
14A5,13b0 
MAS1 3 7 0  
rw, I 380 
MkiSl390 
b l k S l 4 O O  
M A S l . 4 1 0  
MkSl 4 2  0 
M A S 1 4 3 0  
M A S  1440 
M A S  1 4 5 0 
M A 5  1460  
MAS 1480 
M A S 1 4 9 0  
MAS1500 
M A S 1 3  10 
M A S 1 5 2 O  
M A S 1 5 3 0  
M A S 1 5 4 0  
M A 5  1 5 5 0 
MAS1560 
M A S 1  570 
:4AS 1590 
M A S 1 6 9 0  
Eli15 16 10 
E\ AS 1 b 2 0 
M A S  l a  3 0  
MAS 16 40 
MAS 1 6 5 0 
M A S 1 6 6 0  
M A S 1 6  70 
MAS1 680 
MAS 1 4 70 
MCS1580 
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M A 5 1 6 9 0  
M A 5 1 7 0 0  
MAS 1 7 1 0 
M A S 1 7 L O  
M A S 1 7 3 0  
1'1 A S  1 7 4 0 
N A S  1 7  5 0  
M A S  1760 
M A S 1  170 
M A S 1 7 8 0  
MAS 1 790 
M li 5 1 tr 0 0 
M I 6  1 u 1 0 
M A S 1 6 2 0  
f lASl630 
MAb 1 b40 
I4AS 10 50 
1y I\ 5 1 b 6 0 
MA 5 1 8 7 0 
i Y A S l i ( d 0  
MAS 18 90 
tViA51900 
MAS 19 10 
Mi\ 5 1 9 2 0 
;.In 5 1 9 3 (I - 
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Lclb 10 
LCiU 20  
LUG 30 
LOU 40 
Lull 50 
LUD' 60 
L u D  7 0  
LCJG 6 0  
Lull 90 
I-m 190 
Lab  110 
LGD 1 2 0  
LOD 1 3 0  
LO3 140 
LUO 150 
LUG 100 
LUU i70 
LUD lCI0 
LClU 149  
Lc:L; L O O  
LDD i10 
Loa 2 2 3  
, L b D  2 7 3  
. LUD 2 4 0  
LUO 2 5 0  
LaD 260 
L ~ J U  ~ 7 0  
LUD L J O  
LUD 2 5 6  
LVL, 300 
LOG 310 
LUD 3 2 0  
L o n  3 3 0  
LUU 3 4 0  
LUD 3 5 0  
LLJD '360 
L b D  370  
LCU 3 8 0  
LC;O 390 
LULJ 400 
LLJO 4 2 0  
LbL, 4 3 0  
L U O  4 4 0  
LOl> 4 5 0  
LDLJ 460 
LGi) 4 7 0  
LOD 480 
LOO 4 9 3  
LUO 500 
LOU 510 
Lcid 5 2 0  
LuU 2 4 0  
LOD 5 5 0  
LUD 560 
LUI) 410 
L U O  330' 
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LOD 570 
LOD 590  
LUU 600 
LOD 610  
LOU 6 2 0  
L O O  b30 
LOU b 4 0  
LUO 650 
LbD 060 
LOD 6 7 0  
LOD 580 
3 41 
7 : )  
c 
6 i: 
0 . :  
1 ; '1 
119 
c 
1217 
130. 
140 
1 5 2  
1 sc 
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3 4.2 
APPENDIX D 
180 
1 9 0  
C 
C 
C 
c 
C 
2 O C  
2 1 0  
2 Z C  
A F = A C t  (OR 2 
CALL K A 5 5 2  
VOL=VSAVE-O.5* ( SlKCKE-SSAVC 1 * ( /:F+AFS I 
* + i t * * * *  
LUUlbYO 
L(iDi70C) 
L c i l i l 7  1 0  
L U U l 7 3 0  
LCiDl740 
LU D l  7 5 0 
LOU1 7 6 0  
L 01) 1 7 7 0 
LOD1730 
L U D l 7  3 0 
LCllJlb00 
LGUlt3lO 
L U O l  t i20  
LbL) 1 6  3 0 
L u U l 8 4 0  
LULJlb5U 
LCiDliibO 
L U D i b 7 0  
LODlCIaO 
LUb1890  
L O D l 9 3 0  
LCG1910 
LOU1 920  
L U d l Y 3 0  
LUUA s40  
LUL) l J50  
LWUlYbO 
LUC19-70 
Ll j lJ lYbO- 
Loill 7.20 
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PIiY 10 
P I I Y  2 0  
PHY 3 0  
Pl lY 4 3  
I'tlY !>O 
i ' l l Y  60 
PhY 7 0  
t h Y  d o  
PhY YO 
PtfY 190 
PhY 1 1 0  
PtIY 1 2  0 
PIIY 1 3 0  
PHY 149 
PHY 1 5 0  
FI-IY 160 
PHY 1 7 0  
PtIY I d 0  
PHY iYC 
I'HY L O O  
P n Y  L 1 0  
PtIY izo 
PtiY 2 3 0  
PHY 2130 
PI- IY  z 60 
PkIY 2 70 
Pl lY L i r O  
PHY 290  
P t l Y  3 0 0 
PIIY 310 
P i l Y  . i 2 G  
Ptii' j j U  
PHY 340 
P A Y  4 5 0  
PIIY 350  
P H Y  3 7 0  
P H Y  3 8 3 
P k Y  3 9 0  
PtiY 4 0 0  
Pl iY 4 13 
PHY 4 30 
Pr iY  449 
Fn'i 4 > i ~  
PLAY 4 6 0  
P:lY 4 10 
PIIY 4 d O  
PtIY 4 9 0  
PHY 5 0 0  
P t i Y  5 1 3  
PHV 511 
FklY 3 2 0  
P n Y  536 
Pl lY 240  
PhY 550 
r' ity 246 
Prly 4 2 0  
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4 !;, 
6 .! 
7 :.I 
lsJ0 
110 
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1 2 0  
1 3 0  
1 4 3  
1 5 0  
1 6 0  
1717 
1 eo  
1 9 C  
P h Y l 1 2 O  
PHY 1130 
PHY 1140 
PHY 11 5 0  
PhY1160  
PHY1170 
P H Y l l B O  
PIIY 1190 
PHY 1 2 0 0  
P H Y l Z l O  
PHY 1 2 2 0  
Pt1Y 1 2 3 0  
PIIY 1 2 4 0  
PtlY 1 2  50 
PtiY 1260 
PHY 1270 
PtiY 1 z a o  
PhY 1.290 
PHY 1300 
PHY 1 3 1 0  
PHY1320 
PHY 1 3  30  
PhY 1340 
PHY1350 
PHY 1360 
PhSf 1 3 7 0  
V t l Y  L j 3 O  
PHY 1330 
PtiY 1400 
PHY 1 4 1 0  
PhY 1 4 2 3  
PHY 1430  
F'tIY 1 4 4 0  
PtlY 1 4  5 0 
PriY 1 4 6 0  
PHY 1 4 7 0  
PhY 14dO 
PtlY l 4 J C  
PIIY 1300 
SIIY 151 0 
PtIY 1 5 2 0  
P r i Y l 5 3 0 -  
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C 
C 
c 
C 
C 
C 
c 
C 
C 
c 
C 
C 
C 
c 
c 
c 
C 
1 il 
2 <; 
110 
1 2 0  
1 3 C  
1 4 0  
SOL 10 
SOL 20  
SCL 30 
SOL 40 
SOL 5 0  
SOL ‘60 
SOL 70 
SOL 8 0  
SOL 90 
SOL 100 
SOL 110 
SCiL 1 2 0  
SOL 130 
SOL 140 
SOL 150  
SGL 160 
SOL 1 7 0  
S L L  180 
SOL 190 
SUL 2 0 0  
S i i L  2 1 0  
SGL 2 2 0  
SUL ,230 
5bL 240 
SGL 2 5 0  
SOL 2 6 0  
SOL 2 7 0  
SC;L 2 8 0  
SGL 290  
SCL 3 c o  
SGL 3 1 0  
SciL 3 2 0  
SUL 3 3 0  
Si;L 3+0 
S b L  3 5 0  
SOL 3 6 0  
SOL 3 7 0  
S b L  3 8 0  
SGL 3 9 0  
5bL 400  
SGL 410 
ScjL 420  
SGL 4 3 0  
SGL 4 4 0  
S L L  4 5 0  
SOL 460 
SuL 470 
SUL 460 
SOL 490 
SUL 5 0 0  
SOL 5 1 0  
SOL 5 2 0  
SOL 530 
SOL 540 
SOL 5 5 0  
SOL 560  
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150 
160 
170  
180  
190 
290 
210 
5 2 0  
2 30 
240 
2 50 
260 
273 
2d0 
2 9 0  
3 1 03 
3 2 J 
3 3 0  
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SOL 570  
SUL 580 
S b L  590 
SOL 600 
SOL 610 
SOL 620 
SOL 630 
SOL 640  
SOL 6 5 0  
SbL 660 
SOL 6 7 0  
SOL 680 
SUL 690  
SOL 700  
SbL 710 
S L L  7 2 0  
SOL 730 
SCjL 740 
SOL 750 
SOL 760 
SOL- 170 
SOL 7 8 0  
S O L  790 
S b L  8 0 0  
SbL 010 
5bL b 2 0  
5uL b3lj  
5bL a50 
5bL 860 
S i l L  L 7 0  
SCIL et30 
S b L  690  
SUL 930  
3CjL Y 1 0  
L W L  Y L 3  
SUL 9 3 u -  
bCJL bh0 
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PKT 570 
PKT 580 
PkT 590 
PKT 600 
PHT 610 
PKT 6 2 0  
PKT 630 
PKT 640 
PET 650 
PKT 6 6 0  
PRT 6 7 0  
PKT 6 8 0  
PKT 690 
PHT 700 
PKT 710  
PKT 720 
I S  OI\;PHT 730  
PRT 740 
PI7T 7 5 1  
Pl iT 160 
PgT 7 7 0  
PftT 780  
PHT 190 
PRT d o 0  
PI<T d o 1  
PliT 510- 
oCjT* PRT 750  
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APPENDIX E 
A b r i e f  d e f i n i t i o n ,  program name, a n a l y s i s  symbol, and loca t ion  of a l l  
t h e  v a r i a b l e s  loca ted  i n  t h e  common a r r a y  COMINT a r e  given i n  t h e  following 
f igure .  
Motions Program (Appendix B )  and t h e  I n f l a t a b l e  Torus Landing Loads and 
T h i s  a r r a y  appears i n  both  t h e  Crushable Torus Landing Loads and 
Motions Program (Appendix D). 
both programs; however, some apply  t o  only  one o r  t h e  o the r  of t h e  programs. 
A g r e a t  number of t hese  v a r i a b l e s  apply t o  
App l i cab i l i t y  of each va r i ab le  i s  ind ica t ed  i n  t h i s  f i gu re .  
The a r r a y  COMINT i s  used f o r  t h e  t r a n s f e r  of information between t h e  
var ious program subrout ines .  Also, this a r r a y  i s  use fu l  when used i n  
conjunction & t h  t h e  op t iona l  output rou t ine  ava i l ab le  i n  both motions 
programs. 
B.3 and D.3), any va r i ab le  appearing i n  COIviINT may be p r i n t e d  wkth t h e  
s tandard t i m e  h i s t o r y  q u a n t i t i e s .  
A s  descr ibed i n  t h e  two program opera t ing  i n s t r u c t i o n s  (Sect ions 
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AC C W A C  Y ?JU I CAT OR 
P FOR V A R I A B U  ,STEP PREDICTOR - 
P COR.REXTOR IhW&G€lATIOM METHOD 
APPENDIX F 
The numerical in tegra t ion  subroutine PCCUT, contains t h e  option f o r  a 
modified Adams-Moulton var iable  s t e p  Predictor-Corrector method. The 
following presents  a brief discussion of the integration s t e p  s i z e  control  
i n  t h i s  var iab le  s t e p  routine.  
During an in tegra t ion  step,  t h e  following p a i r  of parameters a r e  
determined for  each of t h e  in tegra ted  var iables  being considered i n  a 
p a r t i c u l a r  case. 
and 
i i R =  I Pi - Cn n n 
UI 
In  t h e  above: 
1) Pi i s  t h e  predicted value of t h e  i t h  var iable  f o r  t h e  nth s tep  
of t h e  in tegra t ion  rout ine,  
2) CA i s  t h e  corrected value of t h e  i t h  var iable  for  t h e  nth s t e p  
of t h e  in tegra t ion  rout ine.  
i i The smallest value of  these  two parameters (Dn and %) f o r  each in te -  
gra t ion  var iable  i s  retained.  
meters i s  defined as t h e  in tegra t ion  accuracy indicator ,  En. 
ind ica tor  i s  compared with t h e  two input constants,  E,in (EMIN) and Em, 
(EMAX). 
manner : 
The maximum value of a l l  these  remaining para- 
This accuracy 
The in tegra t ion  s t e p  s i z e  is then control led i n  t h e  following 
APPENDIX F 
1) If En 5 Emin f o r  four consecutive in tegra t ion  s teps ,  t h e  s t e p  
s i z e  (HZ)  i s  doubled and t h e  in tegra t ion  r e s t a r t e d  a t  t h e  end.of 
t h e  last  in tegra t ion  step. However, if t h e  s t e p  s i z e  i s  equal t o  
t h e  input value f o r  t h e  maximum s t e p  s i z e  (HMAX), it remains t h e  
same . 
If Emin < En < Emax, t h e  in tegra t ion  s t e p  s i z e  remains unchanged. 
If En 1 E m a ,  t h e  s t e p  s i z e  i s  halved and t h e  l a s t  in tegra t ion  
point s a t i s f y i n g  t h e  spec i f ied  degree of accuracy i s  used t o  
r e s t a r t  t h e  integrat ion.  However, i f  t h e  s t e p  s i z e  i s  equal t o  
t h e  input value for  t h e  minimum s t e p  s i z e  (HMIN), it remains t h e  
same. 
2) 
3) 
If t h e  two input perameters, EMIN and EMAX, a r e  read i n t o  t h e  program 
as zero, they are reset t o  t h e  following nominal values. 
EMAX = 1 x 10-4 
EMIN = 1 x 10' 6 
Experience has shown t h a t  these  nominal values r e s u l t  i n  t h e  s a t i s f a c t o r y  
operation of t h e  var iable  s t e p  routine.  However, increasing t h e  magnitudes 
of these  parameters w i l l  decrease t h e  computer time required f o r  a given 
case. Decreasing t h e  magnitude of Emin and Emax, increases t h e  computer 
run time. 
